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The objective of this research is to develop a scalable manufacturing process for
high-volume production of low-cost graphene materials from lignin. The process includes
preparation of catalyst-lignin precursors, pretreatment of precursors, and catalytic
graphitization of kraft lignin to graphene materials.
A growth concept, “catalytic thermal molecular welding (CTMW)” technique is
proposed and validated to produce graphene materials from solid carbon resources.
CTMW technique is a single process with two stages, i.e., the carbon-encapsulated metal
nanostructures are first prepared. Then in the second stage these core-shell structures are
opened by “scissoring molecules”, the cracked carbon shell units are welded and
reconstructed to multilayer graphene materials under high temperature with selected
“welding reagent gases” like light hydrocarbons (methane, natural gas, etc.) and
hydrogen. Multi-layer nano-shell structure-based graphene materials, such as fluffy
graphene, graphene chains, multi-layer graphene nanoplatelets, flatten or curved sheetlike graphene can be produced through altering fabrication conditions.

The effects of transitional metal catalysts (Ni, Cu, Fe, and Mo) on the yields and
structures of multi-layer nano-shell structure-based graphene materials from lignin are
compared. The effects of the iron chemical resources (Fe(NO3)3, FeCl2, FeCl3, and Fe2O3
(nano)), iron loading on the yields and structures of multi-layer graphene materials from
lignin are also examined. The influences of temperature, heating rate, heating time,
metal-lignin precursor particle size, and welding reagent gas types on the yield of multilayer graphene materials from lignin resources are investigated. Welding temperatures
are optimized as1,000°C or above, with heating rates of 10°C or above. Welding gases
including, argon (Ar), hydrogen (H2), methane (CH4), natural gas (NG), and mixed of
these gases, are used at flow rates from 20 to 300 mL/min. Heating time is controlled
between 0 to 5 hours. The effect of precursor particle size on final products is examined
between 44 to 426 microns (m).
Key words: Catalytic thermal molecular welding (CTMW), lignin, fluffy
graphene, graphene chains, multi-layer graphene nanoplatelets, flatten or curved sheetlike graphene
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CHAPTER I
INTRODUCTION
1.1

Background
Graphene materials are the most promising candidate for various applications in

many fields of material science because of their excellent mechanical, thermal, and
electrical properties. Specifically, graphene materials produced in powder form are
suitable for advanced composites [1], medicine [2], and medical devices [3], sensors [4],
electronics [5], fuel cells [6], solar cells [7], capacitors [8], and batteries [9], thermal
management applications [10], display materials and packaging [11], inks and 3Dprinters’ materials [12], barriers and films [13], etc. The availability of large quantities of
low-cost graphene materials is a prerequisite for realizing these applications. For
instance, composite materials have great potential for greater usage in the transportation
vehicle industry, including aerospace, automotive, maritime, and rail. By 2017, the
composite materials industry is expected to reach $29.9 billion. The growing interest in
stronger, lighter and more fuel-efficient products from the transportation vehicle industry
(both private sector and military) has led to an increased demand for graphene materials.
However, currently available commercial graphene materials are expensive, significantly
slowing down their potential usage in these applications’ demand for a high volume of
graphene materials. In addition, limited commercialized processes for mass production
of low-cost graphene materials exist. This is especially true for a process to use
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renewable biomass materials such as lignin, a wood by-product with an annual
production of 70 million tons worldwide [14] from the paper and pulping industries, to
manufacture graphene materials.
There are several main approaches for graphene synthesis: 1) micromechanical
cleavage of graphite [15]; 2) chemical exfoliation of graphite oxide [16]; 3) epitaxial
growth of graphene on SiC surface [17]; 4) thermal annealing of solid carbon to graphene
[18]; and 5.) hydrothermal self-assembly (HTSA): graphene can be prepared using a
sugar through a HTSA process. The method can control thickness, ranging from
monolayer to multilayers [19]. Among all the strategies to produce graphene, the most
promising approach is chemical vapor deposition (CVD), due to its being inexpensive
and producing large-area graphene [20]. During the CVD process, gas species are fed
into the reactor and pass through a hot zone, where hydrocarbon precursors decompose to
carbon radicals at the metal substrate surface, and then form single-layer or multi-layer
graphene [21]. The metal substrate not only works as a catalyst to lower the energy
barrier of the reaction, but also determines the graphene deposition mechanism, which
ultimately affects the quality of graphene.
In the past few years, graphene processed by CVD has been demonstrated on a
variety of transition metals such as Ni [22], Fe [23], Cu [24], etc. The graphene growth
from iron is related to a dissolution and precipitation mechanism (Figure 1.1) because Fe
has high carbon solubility at high temperatures. Specifically, at high temperatures (6001000ºC), hydrocarbon will decompose to carbon atoms and dissolve into Fe films to form
a solid C-Fe solution. The carbon solubility in Fe decreases as its temperature goes down,
and carbon atoms diffuse out from bulk Fe and precipitate on the surface to form
2

graphene sheets [25]. The CVD graphene process from nickel substrate is similar to Fe
because Ni has high carbon solubility too. However, Cu has a very low carbon solubility
which results in a different graphene formation mechanism (Figure 1.2). The graphene
growth on Cu is a surface absorption process. The hydrocarbon is catalytically
decomposed to carbon atoms over a Cu surface. Once the surface is covered by graphene
layers, the growth stops.

Figure 1.1

Schematic diagram of graphene formation on Fe.

Figure 1.2

Schematic diagram of graphene growth mechanism on Cu.
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The CVD graphene process is limited to the use of gaseous raw materials, making
it difficult to apply the technology to a wider variety of potential carbon precursors. In
recent years, much research has yielded novel ways to synthesize graphene sheets by
solid carbon feedstock, such as poly(methyl methacrylate) (PMMA) [26], polystyrene
[27], and amorphous carbon [18]. Those processes are related to a thermal annealing
mechanism. Large-scale graphene production is limited due to those processes requiring
either a coating of polymer on the catalyst surface or decomposition of a thin film of
catalyst onto an amorphous surface, and one main drawback of these processes is
significantly low product yield because either carbon in the precursor escapes in gas
forms or exists in amorphous form, i.e., limited carbon in the precursor is converted into
graphene-based materials. Zhou et al. [28] reported that nitrogen doped graphene was
synthesized by Fe2+ catalytic graphitization of milk powder, which seems to be a
promising way for scalable graphene production. However, the carbon precursor was not
affordable. Previous experiments [29] successfully synthesized graphene materials in
powder form from low cost and easily available lignosulfonate using Fe nanoparticles as
a catalyst, but the graphene yield and selectivity is the obstacle for scalable graphene
production.
1.2

Research objectives
Scientists at Mississippi State University see the opportunity to develop a cost-

effective process to produce high-value carbon-based nanomaterials from renewable and
sustainable biomass materials, especially utilization of a by-product from the wood
product industry. During the previous research effort, a batch type manufacturing
process for converting lignin, a by-product from the paper and pulping industries, to
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graphene materials has been developed [30]. But the developed batch process still has a
poor product selectivity and low production rate, which are key barriers preventing
commercialization. Therefore, the goal of this research project is to develop a scalable
process for high-volume production of low-cost graphene materials from lignin. The
outcomes from this research include:
•

Search the efficient catalyst systems with controlled selectivity or increase

the yield to desirable graphene-based products from kraft lignin by tuning the precursor
composition and process variables.
•

Develop a scalable process for catalytic graphitization kraft lignin to

graphene-based nano-materials.
•

Fundamentally understand and elucidate the formation mechanism of

catalytic thermal conversion of lignin to graphene materials.
•

Work will also yield lab-scale process demonstrations that could attract

interest for process scaling, to create new products for improved health, environment,
safety and clean energy generation.
1.3

Proposed Research Plan
This section describes the research plan for the project, which consists of both

process developments and experimental investigations. Process developments focus on
process design, develop a production procedure including catalyst-lignin precursor
preparation, precursor pretreatment for process safety, and catalytic thermal
graphitization of kraft lignin.
Experimental work focuses on understanding the effects of process parameters
and materials characteristics on the product properties, yield and selectivity during
5

catalytic graphitization process. The results of these investigations will then be used in
the developed graphene growth model from lignin and help determine the critical process
variables for the scalable production process.
Overall, the proposed research plan allows to develop a scalable process for highvolume production of low-cost graphene materials from lignin materials.
1.3.1

Chemical composition analysis and structure characterization of kraft
lignin
Objectives: This activity is to understand the bonding structure and composition

of kraft lignin, establish the relationship between its structure and thermal stability, and
provide a guideline for precursor preparation and pretreatment.
Kraft lignin will be used as the carbon source in the proposed research for
synthesizing graphene materials through a catalytic graphitization process. The contact
degree of catalyst and lignin is the key concern for this catalytic process. The
preliminary study results indicate that the yield and purity of final graphene materials
highly depends on the uniformity of the catalyst and lignocellulosic starting material.
Figure 1.3 demonstrates different TGA and volatile products of three lignin feedstocks:
kraft, lignosulfonate, and organosolv. The different decomposition behaviors of lignin
can be attributed to lignin chemical structure differences and different extraction
processes [31,32]. Lignin is a highly heterogeneous polymer [33] and has a cross-linked
three-dimensional structure [34]. To prepare a uniform catalyst and lignin mixture for
scalable graphene material manufacturing, kraft lignin structure must be characterized,
both thermally and chemically.
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Figure 1.3

Results of on-line MS (top) and TGA (bottom) of lignin samples: kraft (a,
b); lignosulfonate (c, d); and organosolv (e, f).

The structure of kraft lignin isolated through an acidic precipitation method will
be studied using a series of chemical analytical techniques, including Fourier transform
infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA), Differential scanning
calorimetry (DSC) analysis, temperature-programmed decomposition
chromatography/mass spectrometry (TPD-GC/MS), and ultra violet–visible
spectrophotometer (UV–vis). The results thereof will be used to guide precursor
preparation and pretreatment to achieve catalyst uniformly distributed in lignin.
The composition of lignin varies from species to species. Generally, lignin
contains about 60% carbon, 5~6% hydrogen, 0.5-1% ash, and 30% oxygen. Kraft lignin
usually contains sulfur in an amount of less than 1–2%. Kraft lignin extracted from black
liquor in Domtar's Plymouth, North Carolina mill, will be used in this work. The
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proximate (ash, volatile and fixed carbon) and elemental (C-H-S-O) analyses as well as
sodium and potassium of each of these materials will be quantified. The chemical
composition of collected ash will be analyzed using an ICP.
1.3.2

Catalytic graphitization of kraft lignin to graphene materials with various
transitional metals
Objectives: Search the efficient catalyst systems with controlled selectivity or

increase the yield to desirable graphene-based products from kraft lignin by tuning the
precursor composition and process variables.
Graphene materials has been synthesized from thermal treatment a mixture of
lignosulfonate and iron nanoparticles [29], amorphous carbon from lignin was
catalytically converted to ordered graphite structures over iron particles. Catalytic
graphitization of solid carbon has been studied for several decades [35]. Two mechanism
were proposed for the formation of graphite from solid carbon substrates over metal
catalysts: (1.) The first possible mechanism is dissolution – precipitation process [36,37]:
at certain temperature, the disorder carbons are tending to diffuse and dissolve into metal
and/or metal carbide, a saturated carbon solubility is reached under an equilibrium
situation. When the temperature decreasing, the metal saturated with the disordered
carbon, will be supersaturated with carbon. Consequently, carbon precipitates in the form
of graphite crystals since graphite is the highly ordered carbon with the lowest Gibbs free
energy; (2) The second mechanism is metal carbide formation and decomposition
process: a metal may first react with amorphous carbon to form a metal carbide which
can decompose to metal and graphite. Based on the catalytic graphitization mechanisms,
it is reasonable to classify the reactivity of transition metals with carbon into three
8

groups: (a) metals have very low carbon solubility; (b) metals can dissolve a significant
carbon; (iii) metals may form strong chemical bonds with carbon to result in metal
carbides.
Transition metals (Fe, Ni, Cu, Mo, and other transitional metals) are widely used
as active components for carbonization/graphitization carbon sources to produce nano
structured carbons like graphene, carbon nanotubes, carbon nanofibers [38–40]. The
product structures may be affected by the active phase and reaction conditions. In this
work, a catalytic graphitization of kraft lignin process is proposed to produce graphenebased nanomaterials over metal catalysts; four transitional metals, i.e., Fe, Ni, Mo, and
Cu are selected as the catalyst active components. The effect of transition metals (Cu, Ni,
Mo and Fe) on catalytic graphitization of kraft lignin to graphene materials is
investigated. In the present study, the role of transition metals (Fe, Ni, Mo, and Cu) in the
catalytic growth of graphene from kraft lignin is investigated through an experimental
approach.
1.3.3

Effects of iron precursors on catalytic graphitization of kraft lignin to
graphene materials
Objectives: investigate the effects of iron precursors on catalytic graphitization of

lignin to graphene-based materials, choose the best iron chemical which can improve the
catalytic performance of the Fe-lignin precursor.
Transitional metal catalysts are very active for graphitization solid carbon
materials [35], the catalytic activity of a compound is sometimes different from the
activity of the principal metal or other compounds containing the same metal. The
activity of a metal is varied with following parameters: (i) the active oxidation state; (ii)
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the active specific area, i.e., the dispersion of the metal and (iii) metal catalyst can be
deactivated by poisoning species like sulphur, halides and other residual impurities. On
the other hand, the starting metal precursors can play a significant role in the catalytic
performance [41]. The substitution of metal precursors caused formation of different
phases with different particle sizes, influenced the surface atomic composition of the
catalysts. Therefore, the investigation the effect of iron salt precursors on catalytic
graphitization of kraft lignin is much desirable to find the best method to prepare efficient
catalysts. The effects of the iron metal precursors on catalytic carbonization of kraft
lignin will be studied in this work. Four iron precursors are selected, i.e., iron nitrate (FeN), iron (II) chloride (Fe-Cl2), iron (III) chloride (Fe-Cl3), and iron oxide (Fe-O). This
work emphasizes on the effect of iron precursors containing different anions like NO3−,
and Cl− on physical-chemical properties.
1.3.4

Effect of Iron/lignin ratio on catalytic graphitization of kraft lignin
Objectives: analyze and optimize catalyst loading on catalytic graphitization of

kraft lignin.
Uniformly blending lignin and iron nanoparticles can improve the catalytic
activity, but the enhancement is less than that obtained by co-precipitation of lignin and
iron nitrate salt. The contact degree of the initial catalyst-lignin mixture employs a
significant influence on catalyst dispersion and activity. The are several strategies to
increase the contact degree of kraft lignin and iron catalyst: decrease catalyst crystalline
size, increase Fe-lignin pore structure, increase dispersive degree of iron, and increase
iron content [39]. The content of iron in Fe-lignin usually has an optimized amount.
Usually, the higher loading, the extensive contact degree. With increasing of the catalyst
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loading in solid carbon resources, there is an increase in the graphitization degree of the
carbon [42,43]. When the amount of iron is very low, the enhancement of catalytic
activities is not obvious since significant of lignin is out of the reach of catalyst.
However, when the amount of iron is too high, the size of iron may grow larger quickly
due to the agglomeration and sintering during the thermal treatment process, and the
catalytic performance may drop due to the growth of catalyst particles [44].
The amount of iron on the Fe-lignin precursors affects the catalytic performance
of lignin to graphene materials. In this study, the effect of iron loading is carried out for
the catalytic graphitization lignin to graphene materials. Iron-lignin precursors with five
different iron loadings were prepared: 5%, 7.5%, 10% 12.5 and 15%. The goal of this
chapter is to analyze and optimize catalyst loading.
1.3.5

Catalytic Conversion Kraft Lignin to Graphene Nanomaterials under
Different Atmospheres
Objectives: investigate catalytic conversion kraft lignin to graphene nanomaterials

under different atmospheres.
It has been reported that the graphitization of solid carbon resources is mainly
affected by the heat treatment temperature [39]; while other heat treatment variables like
residence time, and heating rate have a slight effect on the graphitization degree of the
products [45]. It was claimed that ambient gas phase has a relatively large effect on
graphitization of carbon [46]. A purging gas is usually used to remove the volatiles
released from carbonaceous materials during the carbonization/graphitization processes.
There are two type of gases used in the carbonization/graphitization process: inert gas
[47]; and reactive gases [48]. Typically, inert gases like nitrogen, argon and helium are
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used as the purging gas during the carbonization/graphitization processes. However, the
carbonization/graphitization process has also been carried out with reactive gases like
CO2, steam (H2O), or hydrogen. The reactive gases can be classified to categories: (i)
reducing gases, i.e., H2, and hydrocarbons [49–51]; and (ii) oxidizing gases: CO2, steam,
O2 and air. The graphitization efficiency and the graphitization temperature were reported
to be affected by the residual elements such as hydrogen, nitrogen, oxygen, chlorine etc.
The presence of gaseous oxidizer, e.g. oxygen, carbon dioxide, water vapor, etc., can
enhance graphitization of solid carbon resources. Noda and Inagaki [45,46] investigated
the effect of gas phase on graphitization of a petroleum coke and a carbon black. The
experimental results showed that the graphitization degree of carbon was significantly
affected by the ambient gas phase during the heat treatment. The presence of oxygen in
the ambient gas phase accelerated the graphitization and carbon dioxide had a similar but
lesser effect, while no noticeable influence was detected in case of nitrogen and argon.
Oxygen containing gases were reported to affect the CNT structures [52–55]. The
formation of amorphous carbon was retarded by the presence of mild gaseous oxidizers
(e.g., CO2 and H2O) [48,50,56].
Different types of processing gases will be used to investigate the production of
graphene materials from kraft lignin. Gases will be selected from CH4, H2, CO2, and their
mixture to examine processing gas effects on product component distributions. The
object of current work is to investigate catalytic conversion kraft lignin to graphene
nanomaterials in inert gas-argon, and reactive gases –hydrogen, methane, natural gas and
CO2 atmospheres. The evolution profiles of gaseous product during heat treatment
process will be examined by an on-line RGA analysis. Special attention is paid to the
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formation of graphene materials under the prominent gases (H2, CO, CO2 and CH4) from
catalytic decomposition process.
1.3.6

Develop New Concept for Catalytic conversion solid carbon resources to
graphene-based materials
Objectives: fundamentally understand the formation mechanism of catalytic

graphitization of kraft lignin to graphene materials, and establish a knowledge base for
production process optimization.
The lignin pyrolysis process yields 50-60 % carbonaceous gases and 40-50 %
solid carbon. Our preliminary experiments indicate graphene formation from lignin via
both CVD and thermal annealing solid carbon. Specifically, graphene growth from CVD
process require low activation energy and trend to form large size graphene sheets.
Thermal annealing solid carbon derived graphene have relative small size and require
high activation energy. However, how the graphene-based materials are formed from
solid biomass feedstock is still unclear. Our objective is study the effect of atmosphere on
graphene yield and selective. The iron promoted lignin will be carbonization on different
atmosphere, high-resolution electron microscopy (HRTEM) will be used to characterize
the products to determine the graphene growth conditions for the catalytic thermal
annealing process. The evaluation of graphene yield and selectivity in different carrier
gases conditions will be conducted by XRD, SEM, Raman and HRTEM.
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CHAPTER II
THERMAL ANALYSIS OF LIGNIN MATERIALS
2.1

Introduction
Lignin is the second major component of lignocellulosic biomass and the most

important natural aromatics resources [1]. Lignin is generally classified into three major
groups: softwood, hardwood, and grass lignins based on resources [2]. The chemical
composition of lignin varies from different types. Lignin can also be classified by
isolation processes [3]. There are two strategies to separate lignin components from
lignocellulosic biomass [4]: (1.) dissolving lignin from biomass into a solution; and (2.)
hydrolysis and dissolution cellulose and hemicellulose from biomass and leaving lignin
as an insoluble residue. Currently, the most important lignin products are produced
through the category 1 method, i.e., co-produced in the pulp and paper industry [5]. They
are: milled wood lignin (MWL), organosolv lignin, Kraft lignin (or sulfate lignin), alkali
lignin (or soda lignin), and lignosulfonates. Recent years, with the development of
bioenergy industry, lignins are also produced through the category 2 method, hydrolytic
lignin and Klason lignin are their representatives.
Organosolv is a pulping technique that uses an organic solvent to dissolve lignin
and hemicellulose at temperatures ranging from 140 to 220°C. Solvents used include
acetone, methanol, ethanol, butanol, ethylene glycol, formic acid, and acetic acid [6]. The
organosolv lignin can be recovered by filtration or centrifugation with hot (>100 °C)
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acidified water. The lignin precipitates and forms spherical aggregates ranging from 0.52.5 µm [7]. Organosolv lignin has a hydrophobic nature, it is insoluble to water.
Lignosulfonates are by-products from the sulfite pulping process. During this
process, lignin is released from pulp fibers through sulfonation and rinsing process [8].
The dissolved lignin fragments are forming a brown liquor. The lignin separated from the
brown liquor is termed as lignosulfonate. Lignosulfonates, or sulfonated lignin, are watersoluble anionic polyelectrolyte polymers [9].
Alkali lignin is mainly produced as a byproduct in the paper-making industry
[10]. In the pulping process, NaOH solution is used at elevated pressure and temperature
to break down the linkages with polysaccharides, and then lignin fragments dissolve in
the solvent, forming black liquor. When the alkali losses are made up by Na2CO3, the
lignin separated from black liquor is called soda lignin. When the alkali losses are made
up by Na2S, the lignin separated from black liquor is called Kraft lignin.
Kraft lignin is a by-product from kraft pulping process, the kraft pulping process
(also known as kraft or sulfate process) [4] is a process for conversion of wood into wood
pulp, which consists of almost pure cellulose fibers. The white liquor which contains a
hot mixture of water, sodium hydroxide, and sodium sulfide is first used to break the
bonds that link lignin, hemicellulose, and cellulose of wood chips in the kraft process.
Kraft lignin is then derived when pulping black liquor is precipitated and neutralized by
acid washing. Kraft lignins have different chemical properties than lignosulfonates. There
are no sulfonate groups present, so kraft lignin is only soluble in alkaline solution (pH
above 10). Kraft lignin can thus be precipitated from black liquor by lowering the pH to
10 with a suitable acid.
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When biomass is hydrolyzed using 72 % sulphuric acid, polysaccharides are
dissolved and lignin is left as a solid residue and named as Klason lignin [11]. To
produce fermentable sugars, biomass is first treated in a dilute acid solution, lignin
produced in this process is called hydrolytic lignin [12].
A lot of works have been done on the processes involving thermal decomposition
biomass for converting biomass to sustainable/renewable energy [13], fuels [14],
chemicals [15], and carbon-based nanomaterials like active carbons [16,17], carbon fibers
[18], templated carbon [19], and graphene [20]. During thermal decomposition of
biomass process, it will generate solid char, liquid water, and bio-oil, and gaseous
products. The main gases released are CO2, H2O, CO, CH4, H2 and some light
hydrocarbons [21]. The key factors which affecting the properties and distribution of
products are heat treatment temperature, types of feedstock, feedstock particle size and
heating rate [22–24]. Atmosphere is also found to affect the products of the process [25].
Currently, most of the works done on thermal converting biomass to value-added
products are performed over lab-scale reactors. It’s essential to design and operate the
process on large scale systems. To design and scale up of biomass thermal converting
reactors, kinetic parameters are required for these thermochemical conversion processes.
There are three objectives in this chapter: the first task is to investigate thermal
decomposition behaviors of different lignin resources using thermo-gravimetric analysis
(TGA) and temperature-programmed decomposition (TPD). The second task is to
examine the effect of the pyrolysis atmosphere on the liquid, non-condensable gases, and
solid char yields from kraft lignin. The volatiles produced from thermal decomposition of
kraft lignin under different atmospheres (Ar, H2 and CO2) are studied by TPD process
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equipped with an on-line RGA. The third task is to perform kinetics studies of thermal
decomposition of lignin samples based on the TGA results while heat and mass transfer
effects are neglected.
2.2

Materials and methods

2.2.1

Materials
Four lignin samples were used: Organosolv lignin (OL), lignosulfonates (LS),

alkali lignin (AL), and kraft lignin (KL). OL, LS, and AL samples were purchased from
Sigma-Aldrich, Inc. KL was provided by Domtar. The general information of these lignin
samples was listed in Table 2.1. The proximate moisture analysis was carried out by
following ASTM D4442-07 standard.
Table 2.1
No. Lignin
#1

OL

Basic information about lignin samples
Mole
Moisture
weight
(wt%)
(MW)

Impurities

2.5

na

0

Solubility
in water

Suppliers

na

insoluble

Sigma-Aldrich,
product #
371017

3.5

soluble

Sigma-Aldrich,
product #
471038

pH

#2

LS

8.5

~5,200

8 wt% Na;
4 wt%
reducing
sugar

#3

AL

7.5

~10,000

8 wt%
sulfur

10.5 soluble

na

<0.2 wt%
ash;
1.5 wt%
sugar

6.5

#4

KL

7.0
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insoluble

Sigma-Aldrich,
product #
471003
Domtar Inc.
(Charlotte,
North Carolina,
USA)

2.2.2

Chemical composition analysis and structure characterization of kraft
lignin feedstock
Table 2.2 showed the proximate and ultimate analysis for the lignin samples

employed in the present work. The carbon, hydrogen, nitrogen, and sulfur contents in
lignin samples were measured by a PerkinElmer PE 2400 CHN Elemental Analyzer. The
oxygen content was evaluated by the difference. The composition of lignin varied from
species to species. Generally, lignin contains ~ 60% carbon, 5~6% hydrogen, 0.5~1%
ash, and ~30% oxygen. The mineral analysis was performed by the Soil Testing
Laboratory of Mississippi State University.
Table 2.2

Element analysis results of lignin samples

No. C
#1
#2
#3
#4

2.2.3

H

62.85
56.47
57.3
63

5.75
4.58
5.34
5.78

O
31.06
28.5
29
30.79

N
0.2
0.4
0.17
0.17

P

(%)
0
0
0
0.02

K

Ca

0.1
0.13
0.12
0.07

0.03
0.06
0.01
0.04

Mg
0.01
0.01
0.01
0.01

S
0
9.85
8.05
0.12

Fe Mn Zn Cu B
15
19
13
19

8
9
12
27

(ppm)
11
2
2
16

1
1
1
1

2
2
5
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Thermogravimetric analysis (TGA) experiments
All TGA experiments were performed on a thermo-gravimetric analyzer (TGA

Q5000, TA Instruments, USA). Approximately 10 mg of lignin sample was used for each
test. The temperature was raised from room temperature to 1000 °C under heating rates
of 10 °C min−1. The flow rate of the carrier gas (high-purity argon) was 80 ml min−1. To
study the effects of heating rate on the decomposition of kraft lignin, five heating rates
(2.5, 5, 10, 20, and 40 °C/min) were performed by TGA under an argon atmosphere. The
results from thermogravimetric analysis were presented by (1) mass versus temperature
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(or time) curve, referred to as the thermogravimetric (TG) curve, and (2) rate of mass loss
versus temperature curve, referred to as the differential thermogravimetric (DTG) curve.
2.2.4

Evolution of volatiles from pyrolysis of lignin by temperatureprogrammed decomposition (TPD) process
Temperature-programmed desorption (TPD) experiments involved heating the

lignin samples in a purging gas at a programmed heating rate. Volatile species from the
lignin samples were detected during TPD process. The TPD reaction was carried out
using an Autochem 2920 equipped with an on-line residue gas analyzer (RGA). 2g of
lignin sample was used in each run. High purity argon was used as the carrier gas with a
flow rate of 50 mL/min. After the concentration of effluent became steady, the
temperature was ramped at a rate of 10 °C/min to 1000 °C. The on-line RGA
continuously monitored the reaction effluent, which might contain hydrogen (m/z=2),
methane (m/z=15), carbon monoxide (m/z=28), hydrogen sulfide (m/z= 34), and carbon
dioxide (m/z=44).
2.2.5

Interaction of kraft lignin with purging gases by temperatureprogrammed decomposition (TPD)
Interaction of kraft lignin with purging gases was also examined by temperature-

programmed decomposition (TPD) method over the Autochem 2920 reactor system.
Three purging gases (Ar, H2, and CO2) were used to study the purging gas effect on kraft
lignin decomposition. 1g of lignin sample was used in each run. For TPD experiments,
each sample was first pretreated in the purging gas flow (20 mL/min) at 30 °C for 0.5 hr.
After the concentration of effluent became steady, the temperature was ramped at a rate
of 10 °C/min to 1000 °C. The signals from the mass spectra of 2, 15, 28, 30, 31, 34, 44,
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78 and 94 (m/z) were identified as the major contributors from the specific evolved gases
and volatiles (H2, CH4, CO, HCHO, CH3OH, H2S, CO2, benzene, and phenol).
2.2.6

Kinetic modeling by thermogravimetric analysis (TGA) experiments
The kinetics of pyrolysis of biomass including lignin has been chiefly described

by first order Arrhenius law [26-28]. In this work, it was assumed that the process of
lignin pyrolysis was split into two steps, i.e., decomposition at low temperature, and
carbonization at high temperature and each step was governed by first order Arrhenius
law [5,26,27].
Two methods are usually used to obtain the kinetic parameters, thermogravimetric
analysis (TG) and microreactor method. The heat and mass transfer effects can be
neglected for the TG technique; therefore, kinetic parameters are easy to be achieved. In
current work, a two-stage reaction kinetic model was proposed for lignin decomposition
under argon. The kinetic scheme can be summarized as the following reaction(s).
A (Lignin) → B (Char) + C1 (Gases) (The first stage)
C (Char) → C2 (Gases) + D (carbon) (The second stage)
Thermal analysis kinetics is an important approach to study the pyrolysis
mechanism of biomass. Coats–Redfern (CR) approximate expression is a representative
method used in this work [28]. The activation energy estimated in this method is a
function of the conversion rate (α). The lignin conversion rate α for the stage i is defined
as:

=

m0  mt
m0  m
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(2.1)

where α is the mass-loss fraction, m0 is the initial mass of the sample, mt is the
mass of sample at the time t, m is the final mass of the sample following the completed
pyrolysis reaction.
The non-isothermal reaction rate equation (Arrhenius equation) is shown below,
d
E
=Aexp( 
) f ( )
dt
RT

(2.2)

where α is the mass-loss fraction, A is the frequency factor, E is the activation
energy, R is the universal gas constant (8.314 J/mol·K), T is the temperature in Kelvin
(K), and f(α) is the differential mechanism function.
The heating rate β is defined as dT/dt Substituting this into Eq. (2.2) yields,

d A
E
= exp( 
) f ( )
dt 
RT

(2.3)

An integration function of Eq. (2.3) is shown as below:

g ( )= 



0

d
A T
E
  exp( 
)dT
f ( )  T0
RT

(2.4)

Eq. (2.4) is integrated by using Caots–Redfern method [27]:
 AR
 g ( ) 
ln  2   ln 
 T 
E

 2 RT   E
1  E    RT


where g(α)=−ln(1−α).
Assume reaction order is 1, the integral equation can be written as:
 AR  2RT   E
  ln(1   ) 
ln 

ln

2

1 E    RT
T


E 

As the term of 2RT/E can be neglected since it is much less than 1, Eq. (2.6)
could be simplified as
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(2.5)

 AR  E 1
  ln(1   ) 
ln 
 ln 
 
2

T


 E  R T

(2.7)

where β is the heating rate (K/s), kinetic parameter activation energy E (kJ/mol)
and pre-exponential factor A(s-1) and R is the common constant of gas (8.314 J/mol·K).
Both the activation energy E and pre-exponential factor A at different heating rates can
be determined by the slope and intercept of the line ln[−ln(1−α)/T2] versus 1/T.
2.3
2.3.1

Results and Discussion
Analysis decomposition of different lignin resources using TGA and TPD
Lignin thermal decomposition is a very complex process that occurs in a broad

temperature range with series of reactions, resulting in volatiles, liquids and solid char.
Thermal-degradation of a lignin molecule occurs as a result of exposing it to elevated
temperatures that would promote dehydrogenation and condensation reactions which
starts around 200 C. Lignin decomposition is an exothermic reaction by which its
structure will be altered. The differences in activation energies of the functional groups
bonded to a lignin molecule will results in weak bonds that break at low temperatures and
stronger bonds that break at high temperatures.
2.3.1.1

Organosolv lignin
TG and DTG curves of Organosolv lignin are shown in Figure 2.1. The thermal

degradation process consisted of three stages. In the drying stage, the tiny weight loss
(1.6 mass%) was mainly attributed to moisture retained in the lignin. In the fast
degradation stage, the weight loss rate reached its maximum value of 0.198 mass%/°C at
the temperature of 379 °C; 51.4 % mass of organosolv lignin was converted into volatiles
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in this stage. In the slow degradation stage, the weight loss was only 15.2 mass%. And
char was the main product in this stage and the mass fraction of char residue was 31.8
mass%.

Figure 2.1

TG/DTG curves of Organosolv lignin.

Figure 2.2 is the TPD spectra of Organosolv lignin. Significant non-condensable
gaseous components (H2, CH4, CO, and CO2) were detected formation in the temperature
range of 250–550 °C. The lignin is mainly cross linked by three kinds of methoxylated
phenylpropane units which formed lots of functional groups. The gases release can be
considered as two types of lignin decomposition. The first kind is directly linked on the
benzene ring, such as methoxy, phenolic hydroxy, methyl, and methylene. The second is
on the side chain, such as carbonyl, alcoholic hydroxy and carbon-carbon bond.
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Therefore, the breakage of these functional groups might be the primary formation path
of CO, CO2, CH4, and H2. The evolution of CH4, CO2 and CO was mainly ascribed to the
cleavage of functional groups such as methoxy groups (O-CH3), ether group (R-OR), carboxyl (COO-) and carbonyl group (CO) and the secondary cracking of those
phenolic compounds. CH4 mainly attributed to the decomposition of methoxy (OCH3),
methyl (CH3), and methylene (CH2) groups attached to aromatic units. CO2 was
formed via the decarboxylation reaction and the breakage of carbonyl groups. The
breakage of ether bonds linked between lignin units likely formed CO. H2 mainly came
from C-H bond cracking reaction.

Figure 2.2

Evolution of the volatile components from Organosolv lignin.
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2.3.1.2

Lignosulfonate lignin
Decomposition of the lignosulfonate lignin samples can be divided into three

stages (Figure 2.3). In stage one, the initial weight loss step occurred at 30–180 °C was
attributed to the evaporation of water absorbed. Stage two was seen to take place around
180–570 °C and was contributed to the degradation of components of inter-unit linkages,
releasing of monomers and derivatives of phenol into the vapor phase in the lignin
sample, which were converted to volatile gases such as CO2, CO, CH4 and H2S. The final
stage of degradation occurred over a wide range of temperatures above 535 °C, the
process was associated with the decomposition of aromatic rings.
The mass of lignosulfonate lignin sample in the current study was reduced from
99.98% to 41.52% during the dominant mass loss stage, reaching a peak mass loss rate of
0.26%/°C at around 290 °C. This result indicates that the lignosulfonate lignin sample
was relatively active in low-temperature stage.
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Figure 2.3

TG/DTG curves of lignosulfonate lignin pyrolysis.

In the TPD-MS plots for lignosulfonate lignin (Figure 2.4), H2, CH4, H2S, CO,
CO2 and H2S were released under elevate temperature. Both CO2 and CO gases were
released over a wide temperature range. CO2 mainly originated from the decomposition
of carboxyl and ester groups. TPD-MS results of lignosulfonate (Figure 2.4) show a
higher release intensity at lower temperature than any of the other three lignin samples.
This is attributed to the catalytic effect of Na+ in the lignosulfonate structure, there are ~8
wt% sodium in lignosulfonate sample (Table 2.1). Alkali metals Na+ could enhance the
yield of CO2 since alkali ions can catalytic promote the carbonization process [29].
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Figure 2.4

2.3.1.3

Evolution of the volatile components from lignosulfonate lignin with
increasing pyrolysis temperature.

Alkali Lignin
The TGA/DTG curves for alkali lignin were plotted in Figure 2.5. The profile of

alkali lignin weight loss exhibited four stages during the degradation process. Initially,
the loss weight was due to the moisture present in the sample (30-180 °C), in accordance
with the water content reported for the sample (∼8.5%). The second loss weight (∼30%)
was a notable mass loss peak at 348 °C, this was the major stage of alkali lignin
decomposition. The degradation of alkali lignin within a wide range of temperature (200–
539 °C) could be explained by the fact that lignin presented a complex structure made up
of phenolic hydroxyl, carbonyl groups and benzylic hydroxyl, which were connected by
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straight links. The third stage was between 540 and 660 °C. At higher temperatures (>660
°C), the mass loss was due to decomposition and condensation reactions of aromatic
rings (4th stage). The total weight loss at 700 °C was about 44%. From 540 to 660 °C,
around 6% of the weight was lost. From 660 to 1000 °C, less than 10% of the mass was
lost. About 34% of the initial mass was left as a solid mixture of biochar and ash.

Figure 2.5

TG/ DTG curves of alkali lignin pyrolysis.

The TPD-MS results of Figure 2.6 indicated the release of five species of H2,
CH4, CO, H2S and CO2 in the range of 200–800 °C. The formation of CO2 and CO
around 380 °C was ascribed to the breakage of ether bridges linking lignin units. The
evolution of CO2 initiated at ∼150 °C, reached the maxima at 380 °C and ended at ∼800
°C. The evolution of CO was detected over a very broad temperature range from 310 to
1000 °C, showing the maxima at ∼380 °C. The initial stage of the CO formation was
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attributed to the de-carbonylation reaction of the alkyl side-chain ending with carbonyl
group (–CHO), while the evolution of CO at the high temperatures was ascribed to the
secondary reactions of formaldehyde and organic compounds or other free radical
coupling reactions.

Figure 2.6

2.3.1.4

Evolution of the volatile components from alkali lignin with increasing
pyrolysis temperature.

Kraft lignin
TG and DTG curves for thermal decomposition of the kraft lignin were shown in

Figure 2.7. As shown in the TG curve, the thermal degradation of kraft lignin proceeded
over a wide temperature range (150–1000 °C), which could be explained by the fact that
lignin contains many aromatic rings with various branches, and the activity of the
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chemical bonds and functional groups in kraft lignin covered an extremely wide
temperature range. Almost 6.3% of the sample mass was lost from 30 to 140°C, which
was mainly attributed to the evaporation of free water in the sample, as there are no
signals of organic compounds at the MS spectra in this range (Figure 2.8). The DTG
curve of Figure 2.7 showed that there was a maximum occurring at 436 °C between 150
and 534 °C, indicating of kraft lignin decomposition. There was a minor shoulder peak at
about 320 °C suggested the presence of small amount hemicellulose in Kraft lignin. The
mass loss in the range of 150–534 °C was about 46%. The weight loss between 534 and
1000 °C was 11.3 %. Figure 2.7 showed Kraft lignin produces less biochar and ash (38
%) compared to other three lignin samples, while producing the most of volatiles (62 %).

Figure 2.7

TG/ DTG curves of kraft lignin pyrolysis.
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Figure 2.8 showed the evolution curves of some of the main gaseous products
(CO2, CO, CH4, H2S, and H2) from decomposition of the kraft lignin. The release of CO2
and CO at the lower temperature range below 500 °C was mainly a result of the cracking
and reforming of carboxyl, carbonyl and ether groups in the phenylpropane side chains.
Both gases were initially released from kraft lignin at lower temperatures. The evolution
of CO2 started at approximately 350 °C, increased with increasing temperature, and
reached a maximum at 400 °C for kraft lignin. Compared with CO2, CO evolution is
detected over a wider temperature range of 300–700 °C, with a formation peak at 500 °C.
The formation of the carbon monoxide at high temperature range (450–700 °C) was
probably caused by the breaking of diaryl ether groups and secondary pyrolysis of
volatiles. The CO releasing peak at 700 °C, was attributed to the break of diaryl ether
linkages.
Methane production showed two stages: the first one with formation peak at 400
°C, and the second one at about 650 °C, with much lower intensity. The formation of
methane below 550 °C was mainly caused by the fragmentation of the side chains.
Demethylation of the methoxy groups could also contribute to methane formation in this
temperature range, especially above about 400 °C. The second maximum of methane
could be attributed to the profound rupture of aromatic rings.
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Figure 2.8

Evolution of the volatile components from kraft lignin with increasing
pyrolysis temperature.

Table 2.3

Summary of lignin decomposition peak temperature.

Lignin
OL
LS
AL
KL

2.3.2

Peak temperature (C)
Stage 1
Stage 2
160
380
108
290
101
348
103
436

Stage 3
534
750
578
534

Stage 4
800
-

Interaction of purging gases with Kraft Lignin
The purpose of the purging gas is to remove the volatiles from the reactor during

biomass pyrolysis process. Usually, inert gases like nitrogen or argon are used as the
purging gas. However, the pyrolysis process has also been carried out with CO2, steam,
or hydrogen as the purge gas. Some previous efforts have demonstrated that the type of
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carrier gas employed affects both the char yield and properties [30]. The presence of H2
during pyrolysis significantly increases the yield of tar and the fluidity of coal [31].
Therefore, use of hydrogen as the carrier gas may change a char's morphology
significantly due to the strong association between char structure and the thermoplastic
properties and the evolution of volatile matters. In this study, both the inert gas like argon
and the reactive gases like hydrogen and carbon dioxide were used to compare the effect
of the purging gas on thermal decomposition of kraft lignin.
2.3.2.1

Product distribution under different atmospheres
Table 2.4 lists the product yields of kraft lignin decomposition in the fixed bed

reactor under Ar, CO2, and H2 atmospheres. As shown in Table 2.4, thermal
decomposition of kraft lignin under argon atmosphere gave a solid char yield of 36.5
wt%, which is the highest compared to 15.1%, and 23.0% obtained under CO2 and H2
atmospheres, respectively. This can be explained by the fact that more lignin components
were converted to liquid products or gases with reactive atmospheres (see Table 2.4).
Thermal decomposition of kraft lignin under H2 atmosphere produced 28.4% liquid
products (mainly water), the highest compared to 24.2% and 10.8% under Ar and CO2
atmospheres, respectively. This is probably related to the conversion of oxygen in oil
fractions to water by hydrogen. Table 2.4 demonstrated that decomposition of kraft lignin
under CO2 atmosphere gave gaseous phase yield of 76.1%, the highest compared to
39.3% and 45.8% under Ar and H2 atmospheres, respectively. Thermal decomposition of
kraft lignin under CO2 atmosphere produced less solid and liquid products and more
gaseous products than argon and hydrogen. This result can be attributed to kraft lignin
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and its char are gasified by CO2 at high temperature, which can be further proved by the
highest CO yield under CO2 atmosphere.
Table 2.4

Effects of atmosphere on product distribution of kraft lignin decomposition
at the temperature of 1000 °C for 1 hour.

Atmosphere
Ar
Hydrogen
Carbon dioxide

2.3.2.2

Solid carbon (wt%)
36.5
23.0
15.1

Liquid (wt%)
24.2
28.2
10.8

Gas (wt%)
39.3
45.8
76.1

Evolution of the volatiles from thermal decomposition of kraft lignin
under different atmospheres
TPD-MS with high reproducibility of measurements is the preferred technique to

simultaneously measure the thermal decomposition and the distribution of evolved gases
with specific mass /ion (m/z) intensity in real time. The signals from the mass spectra of
2, 15, 28, 30, 31, 34, 44, 78 and 94 (m/z) were identified as the major contributors from
the specific evolved gases and volatiles (H2, CH4, CO, CH2O, CH3OH, H2S, CO2,
benzene, and phenol). We mainly focused on the evolution of volatiles from kraft lignin
over the degradation temperature range under different atmospheres. TPD-MS results
were plotted in Figure 2.9 and summarized in Table 2.5.
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Figure 2.9

Evolution of the volatile components from thermal decomposition of kraft
lignin under argon (Ar), hydrogen (H2) and carbon dioxide (CO2) as the
purging gas: H2 (a), CH4 (b), CO (c), CO2 (d), benzene (C6H6) (e), H2S (f).
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Fig.2.9 (continued)
phenols (C6H5OH) (g), formaldehyde (HCHO) (h) and methanol (CH3OH) (i).
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Table 2.5

Evolution temperature of volatiles from decomposition of kraft lignin under
different atmosphere
Evolution temperature (C) under different atmospheric gas
Peak temperature (peak range) / °C
Argon
Hydrogen
Carbon Dioxide
Evolution:700-1000
Consumption:
722 (522-1000)
821(522-1000)
403 (200-527);
568 (527-700)
455(268-495)
455(236-532)
404(266-443)
615(495-688)
567(532-915)
495(445-920)
745(688-1000)
422 (246-679)
495 (155-780)
502 (279-547)
773 (679-1000)
910 (780-1000)
1000 (547-1000)
407 (185-583)
371 (162-554)
Consumption: >558
642 (583-791)
Shoulder (554-770)
718 (510-799)
697 (528-938)
828 (656-1000)
Flat (799-1000)
305 (199-656)
341 (210-646)
316 (228-645)
949 (704-1000)
473 (338-610)
462 (239-854)
445 (345-600)
488 (329-678)
479 (249-850)
482 (390-601)
464 (361-595)
443 (299-778)
455 (395-537)

Volatile gases

H2

CH4
CO
CO2
C6H6
H2S
C6H5OH
HCHO
CH3OH

2.3.2.2.1

H2

Hydrogen is present in kraft lignin as chemisorbed water, as surface
functionalities (e.g., carboxyl, phenolic groups), or is bonded directly to carbon atoms as
a part of aromatic or aliphatic structures. The carbon–hydrogen bond (CH) is very stable
but breaks on heating at high temperature. Heat treatment in an inert atmosphere
eliminates part of the hydrogen via thermal cracking CH. H2 was produced as –CHx
(x=1-3) groups were consumed, most of the H2 formation was observed at high
temperatures (>500 °C).
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The hydrogen (m/z = 2) formation peak began to appear from 520 °C and reached
the maximum at 722 °C during kraft lignin thermal decomposition process under an
argon flow. The hydrogen curve under CO2 atmosphere was observed to appear from 522
°C, which was similar to that of argon atmosphere, however the evolution peak was
weaker and flatter, the maximum was shifted to 821 °C. This is caused by the reverse
water-gas shift reaction (RWGSR) (CO2(g)+H2(g) = CO (g)+H2O(g)). Part of hydrogen
from the thermal cracking reaction is consumed through RWGSR. The hydrogen curve
tendency under a hydrogen atmosphere was different with these of argon and carbon
dioxide. Hydrogen was observed to be consumed in the temperature ranges of 200-527
°C and 527-700 °C. And an evolution hydrogen peak appeared at the temperature above
700 °C.
Radicals are generated from de-polymerization kraft lignin by heating them [32].
These radicals will combine each other to form stable products like aromatic
macromolecules. For example, by thermal degradation lignin, it will result in the efficient
elimination of hydrogen atoms from lateral lignin molecules. The critical part of H·
atoms is formed via the cleavage of hydroxyl groups with the production of phenoxyl
radicals ArO·:
Lignin  H· + ArO·
Under hydrogen atmosphere, phenoxyl radicals ArO· will react with a hydrogen
molecular to form a phenol molecular and a hydrogen atom.
ArO· + H2  H· + ArOH
Kraft lignin was thermal degraded in the temperature range of 200-700 °C (TGA
results in Figure 2.7), hydrogen was consumed to form stable products like methane,
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aromatics, phenols, and methanol through radical reaction processes. While H2 is
produced as –CHx groups were consumed at the temperature above 700 °C.
2.3.2.2.2

CH4

CH4 is the most important light hydrocarbon from lignin decomposition. Methane
evolution from decomposition of kraft lignin under an argon atmosphere showed two
maxima: the first one with stronger intensity at 455 °C with a temperature range of 236532 °C, and the second one at about 567 °C with a temperature range of 532-915 °C. The
formation of methane below 500 °C was mainly caused by the fragmentation of the side
chains. Decomposition of the aromatic methoxy groups could also contribute to the
methane formation in the temperature above about 400 °C [33]. The second maximum of
methane was attributed to the cracking of aromatic ring skeletons [34].
Two CH4 peaks were observed for lignin decomposition with a CO2 atmosphere
(Figure 2.9b). The evolution profiles under CO2 were similar as those under Ar, with the
first peak at around 404 °C (temperature range: 266-445 °C) and a second peak at around
495 °C (Table 2.4) as previously observed. It was also noticed that two methane
evolution peaks under CO2 are shifted to lower temperatures compared to these of argon
atmosphere, i.e., the first peak from 455 °C to 404 °C, and the second one from 567 °C to
495 °C. This might be due to the promotion effect of carbon dioxide on lignin
decomposition. Methane evolution under argon and CO2 was significantly decreased
above 800 °C, possibly due to the H-atom in solid phase being preferably released as
hydrogen since methane is opted to cracking to hydrogen and solid carbon at high
temperature.
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There were three CH4 peaks for lignin decomposition under a hydrogen
atmosphere: three peaks of the releasing CH4 locate at 268–495 °C, ~495-688, and ∼688–
1000 °C (shoulder peak), the peak temperatures were 455, 615 and 745 °C, respectively,
the intensity of three methane peaks was significant stronger than these of argon and
CO2. Similar to these of argon and CO2 atmospheres, the first CH4 peak under a hydrogen
flow was mainly resulted from the fragmentation of aliphatic side branches and the
aromatic methoxy groups. The second peak was attributed to the profound degradation
and rearrangement reactions occurring at high temperature, accompanied by crack of the
aromatic rings. Methyl groups were dominant lateral alkyl substituents in lignin
intermediates under hydrogen atmosphere. Therefore, the probability of formation of
·CH3 radicals via the decay of lignin radicals was high. The ·CH3 radical was
transformed into methane, eliminating hydrogen from lignin
·CH3 + Lignin  CH4 + Lignin·
The third methane evolution peak occurred at higher temperatures between 680
and 1000 °C. Obviously, this new peak was related to the gasification of solid carbon by
hydrogen. During this process, the residual carbon in lignin char was reacting with
hydrogen to produce methane.
C(s) + H2  CH4
2.3.2.2.3

CO

The trend of m/z = 28 (CO) ion current of kraft lignin presented two main peaks
under argon atmosphere, the first CO evolution peak was around 418 °C, and another CO
peak was centered at 770 °C. The intensity of the lower temperature peak was stronger
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than the second one. The evolution of CO occurred at a wide temperature range from 246
to 1000 °C (Table 2.3), because of a number of functional groups could contribute to its
formation. The formation of CO through decarbonylation of the carbon on the C3 sidechain of lignin was promoted in the low temperature stage (246-679 °C), while other
carbons such as those in methoxy groups might be another source of CO at higher
temperatures (679-1000 °C).
Three CO evolution peaks were observed under hydrogen atmosphere. The first
one was a shoulder peak from 155 to 362 °C, the second CO peak was stronger in
intensity than the first peak, from 362 to 780 °C with a maximum at 495 °C. The third
peak located at 910 °C, this CO peak was attributed to the secondary reactions between
volatiles and rearrangement of the char skeleton. Comparting to CO formation peaks
under argon, the first two peaks shifted to lower temperature under a hydrogen flow, i.e.,
first peak to 362 °C and second peak to 495 °C. This indicated the evolution of CO was
significantly enhanced under a hydrogen flow.
Kraft lignin decomposition under CO2 also offered three CO evolution peaks
(Figure 2.9c). The first two peaks were similar to these of argon atmosphere; the first one
was a shoulder peak from 250 to 355 °C, the second CO peak was centered at 500 °C.
The third CO peak had very strong evolution trend at about 1000 °C (Table 2.4). This
indicates that most of the lignin char residue was consumed by the gasification reactions
(Cs+CO2⇌∗C(O)+CO) to produce CO under CO2 atmosphere. The fixed carbon
gasification reactions caused the CO peaks above 550 °C for kraft lignin sample under
CO2 as reaction (6) show.
C(s)+CO2=2CO (6)
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2.3.2.2.4

CO2

Two significant CO2 peaks were presented for kraft lignin decomposition under
an argon atmosphere (Fig. 2.9d, and Table 2.4); Functional groups yielding CO2
decomposed at two different temperatures, corresponding to two types of functional
groups. Carboxyl (  COO-  CO2) were proposed to be predominantly responsible for
the low-temperature peak (185-583 C, centered at 407 °C). Carbon dioxide appeared at
low temperatures, primarily due to decarboxylation under an inert atmosphere. and the
high-temperature CO2 evolution was attributed to ester groups (583-800 C, centered at
642 °C).
The intensity and appearance of the CO2 peak under a hydrogen atmosphere was
similar to that of argon atmosphere (Figure 2.9d, and Table 2.5), however, two peaks
shifted to lower temperature under a hydrogen flow, the first peak to 371 °C and the
second peak to 600 °C. The formation of CO2 was significantly enhanced under hydrogen
atmosphere.
CO2 was observed to be consumed when the heating temperature was above
558°C under carbon dioxide atmosphere (Figure 2.9d, and Table 2.5), which was in
correspondence to gasification of lignin by CO2 (Figure 2.9c). Thus, lignin gasified by
CO2 made a pronounced contribution to solid mass loss during lignin decomposition
under a carbon dioxide flow.
2.3.2.2.5

Benzene (C6H6)

For kraft lignin, the aromatic hydrocarbons were formed from phenol-type
compounds; hydroxyl groups attached to aromatic ring was cleaved with the increasing of
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temperature. The production of typical aromatic compound  benzene identified by online MS from thermal decomposition of the kraft lignin sample was plotted in Figure 2.9e
(m/z = 78). As the profile showed, the evolution of benzene from kraft lignin under an
inert atmosphere was detected over a wide temperature range of 528–938 °C, with
maxima at about 697 °C. Aromatic ring groups were the main source of this volatile
product.
The formation of benzene under a hydrogen flow was also detected over a very
wide temperature range of 510–1000 °C, a high intensity evolution peak with maxima at
about 718 °C; benzene was observed to be generated at a high, steady level when the
heating temperature was above 799 °C. A weak benzene peak at 828 °C was observed for
the kraft lignin decomposed under a CO2 flow, with a narrow temperature range (6561000 °C). It was noticed that production of benzene under a hydrogen flow was the most
among these three different atmospheres. This could be explained by the radical reaction
processes during kraft lignin decomposition. First, H· atom was formed via the cleavage
of hydroxyl groups during lignin decomposition, the active H atom, would attack an
aromatic ring in a lignin molecule, then being transformed into an H-adduct [35]. The
aromatic H-adducts were thermal unstable, it degraded to a stable aromatic molecule and
a secondary radical R· via the cleavage of a lateral C–C bond.
Lignin + H·  LigninH·(H-adduct) Aromatics + R·
2.3.2.2.6

(2)

Hydrogen sulfide (H2S)

Lignin reacts with the hydrogen sulfide during the kraft pulping, this step is
named as the delignification process (Figure 2.10). The raw kraft lignin usually contains
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2 to 3% sulfur after the cook [36], however, the kraft lignin provided by Domtar has less
than 0.1% sulfur. The sulfur is believed to be present in lignin as sulfate ions, as
elemental sulfur, as adsorbed polysulfide and as organically bound sulfur.

Figure 2.10

Delignification reactions in the kraft pulping [37].

A possible sketch of the structure of softwood kraft lignin is shown in Figure
2.11. This has been made from proposed reactions occurring in the kraft process.
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Figure 2.11

A sketch of possible structures in a segment of pine Kraft lignin, with the
sulfur marked out [38].

When lignin is de-polymerized, sulfur can be present in many components of the
gas phase, such as dimethylsulfide (CH3SCH3), carbonyl sulfide (COS), and hydrogen
sulfide (H2S). The trend of m/z = 34 ion current was monitored as H2S evolution during
decomposition of kraft lignin under three different atmospheres. One H2S peak appeared
under argon and CO2 atmospheres. H2S was observed to form in the temperature range of
210 to 646 °C, with maxima of 341 °C under an argon flow. The peak shifted to 316 °C
under CO2 atmosphere. There were two H2S evolution peaks under a hydrogen flow, with
first peak around 305 °C, and another peak above 949 °C. Sulfur was obviously promoted
to release as gaseous species from lignin structure under the reactive gases like H2 and
CO2.
2.3.2.2.7

Phenol (C6H5OH)

The formation of phenols starts with dehydration of –OH groups in the alkyl side
chain of the lignin basic units, followed by the cleavage of ether bonds between these
50

units. The profile of phenols from decomposition of Kraft lignin under argon showed a
phenol peak between 338 and 610 °C, with the maximum at 473 °C. The evolution peak
of phenol under hydrogen showed a wider temperature range (239-854 °C) and a stronger
intensity peak at 426 °C, while a narrower (between 345-600 °C) and weak phenol peak
(centered at 445 °C) was observed for CO2 atmosphere.
Phenol evolution temperatures under hydrogen and carbon dioxide were shifted to
lower temperature (462 °C for hydrogen and 445 °C for CO2) compared to that of argon
atmosphere (473 °C). This was contributed to the promoting effects of either an oxidative
(CO2) or a reductive gas (H2) on de-polymerization of kraft lignin in comparison to inert
atmosphere (argon). As mentioned previously, under hydrogen atmosphere, phenoxyl
radicals ArO· reacted with a hydrogen molecular to form a phenol molecular and a
hydrogen atom, while the generated hydrogen atoms would attack a phenoxyl structure in
a lignin molecule to form phenoxyl radicals ArO·, therefore, more phenol products were
yielded under a hydrogen flow.
2.3.2.2.8

Formaldehyde (HCHO)

The formation of formaldehyde is probably attributable to the C–C cleavage in
alkyl side chains that have –CH2OH groups or carboxylic acid groups in the –  position.
Formaldehyde under argon atmosphere was mostly produced between 329 and 678 °C,
with maxima at 488 °C. The lower temperature range indicated that the aliphatic –
CH2OH groups were easily removed by alkyl C–C fragmentation of phenylpropane side
chains, yielding formaldehyde, formic acid and CO. As Figure 2.9h showed, the release
of formaldehyde under CO2 started at 390°C, ended at 601 °C and attained a maximum at
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482 °C. HCHO evolution trend appeared at a very wide temperature range of 249-850 °C
under a hydrogen flow, with maxima at 479 °C. Figure 2.9h demonstrated that purging
gases did not change HCHO evolution temperature but did affect the amount of
formaldehyde.
2.3.2.2.9

Methanol (CH3OH)

Cracking the aromatic methoxy groups (CH3O-) and aliphatic –CH2OH group in –
γ position of the alkyl side chains may produce CH3OH during decomposition process of
kraft lignin. The evolution of methanol was monitored by the mass signal at m/z 31 peak
(Figure 2.9i). The formation of methanol under an argon flow was detected over a
temperature range of 361–595 °C with a peak temperature at 464 °C. The evolution
profiles of m/z 31 under hydrogen and CO2 were different with that of argon atmosphere
in intensity and temperature range. The evolution of methanol under a hydrogen flow was
detected over a very wide temperature range of 299–778 °C, a high intensity formation
peak with maxima at about 443 °C; while a weak methanol peak at 455 °C was observed
for the kraft lignin decomposed under a CO2 flow, with a narrow temperature range (395537 °C). As the profiles showed, more methanol was generated from the hydrogen
atmosphere than from argon and CO2 cases. The least methanol was formed under a CO2
flow. This observation agreed with the evolution of methane, C6H6 (benzene), H2S,
phenols (C6H5OH), and formaldehyde (HCHO) and all these could be explained by the
hydrogen was promoting the hydrogenation reactions during the thermal splitting of
functional groups in kraft lignin. It was also noticed that the methanol evolution peak
temperatures of hydrogen and carbon dioxide were shifted to lower temperature (443 °C
for hydrogen and 455 °C for CO2) compared to that of argon atmosphere (464 °C). This
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can be explained by the lower thermal stability of kraft lignin under either an oxidative
(CO2) or a reductive gas (H2) in comparison to inert atmosphere (argon).
2.3.3

Kinetic analysis of thermal decomposition of lignin by TGA
There are many studies in lignin thermal decomposition. Lignin decomposition is

a very complex series of reactions, but accurate kinetic parameters can still be obtained
by assuming the first order reaction for the lignin decomposition. As some previous work
done by other researchers, we assumed lignin decomposition as a first order reaction to
obtain activation energy and pre-exponential factor using TG method. The values of
activation energy E and the pre-exponential factor A were calculated from the slope and
intercept of the line ln[−ln(1−α)/T2] versus 1/T. The line ln[−ln(1−α)/T2] versus 1/T gave
a linear plot with negative slope.
The main decomposition process was separated into two stages for kinetic data
calculation. Table 2.6 showed the comparison of activation energy and the preexponential factor A along with the correlation coefficient for different lignin samples.
The calculated activation energy E of the main stage from the model equation for thermal
degradation of different lignin samples was 55.62 kJ/mol for organosolv lignin, 38.93
kJ/mol for lignosulfonate, 51.46 kJ/mol for alkali lignin and 56.23 kJ/mol for kraft lignin,
which matched with the activation energy value of lignin available in the literature [39].
The pre-exponential factor A value was in the range 2.36-52.28. The activation energy
obtained by Cordero et al. [40] and Varhegyi et al. [41] was in a range of 34–65 kJ/mol,
which was well in accordance with the present result in the lower temperature range.
Nunn et al.[42] reported that the activation energy for overall pyrolysis of hardwood
lignin was much higher, about 82.3 kJ/mol.
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For the high temperature decomposition stage, the lignosulfonate lignin had the
lowest activation energy of 144.46 kJ/mol. The alkali lignin had activation energy of
271.29 kJ/mol. The organsolv lignin had the highest activation energy of 462.5 kJ/mol.
The kraft lignin had activation energy of 264.38 kJ/mol.
Table 2.6

Lignin
OL
LS
AL
KL

Comparison of kinetic parameters from thermal decomposition of different
lignin samples
Stage

Temperature (K)

1
2
1
2
1
2
3
1
2

450-830
830-1010
483-832
832-1010
484-803
803-913
913-1244
491-893
890-1073

Mass loss range
(%)
98.31 - 45.89
45.89 - 38.44
90.80 - 53.34
53.34 - 42.77
91.56 - 62.35
62.35 - 58.20
58.20 - 47.87
92.88 - 47.48
47.48 - 39.16

E (kJ/mol)

A(s-1)

R2

55.62
462.95
38.93
144.46
51.46
271.29
133.64
56.23
264.38

33.64
5.81E22
2.36
31700.07
52.28
1.33E14
4506.01
5.92
1.56E15

0.975
0.953
0.986
0.981
0.958
0.972
0.952
0.981
0.952

Heating rate is an important factor in determining thermal decomposition of
biomass. A series of TGA experiments were performed at different heating rates (2.5, 5,
10, 20 and 40 °Cmin−1), and the thermogravimetry (TG) and derivative thermogravimetry
(DTG) curves were shown in Figure 2.12. As the heating rate increasing, the TG and
DTG curves of the fast degradation stage shifted toward higher temperatures. This might
be attributed to the heat and mass transfer limitations in the lignin sample because lignin
was a biomass material with poor thermal conductivity. Higher heating rate would lead to
lower weight loss fraction and lower weight loss rate at a fixed pyrolysis temperature.
The activation energy of lignin degradation increased as the temperature
increasing was confirmed by other researchers (shown in Table 2.7). Liu et al. [43] found
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that the fir lignin degradation could be divided into two stages based on the DTG curve,
and the activation energy of the second stage located in the side of higher temperature
was 136.9 kJ/mol, and was much higher than the first stage 72.9 kJ mol−1. Ferdous et al.
[44] also found that as the temperature increased from 272 °C to 532 °C, the activation
energy of Alcell lignin degradation was raised from 129 kJ mol−1 to 361 kJ mol−1.
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Figure 2.12

TG (a) and DTG (b) curves of lignin thermal decomposition with different
heating rates of 2.5,5, 10, 20 and 40 °C min−1.
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Table 2.7

Kinetic parameters of Kraft lignin thermal decomposition at different
heating rates

Heating rate
Stage
(K/min)
1
2.5
2
1
5
2
1
10
2
1
15
2
1
20
2
1
30
2
1
40
2

Temperature
(K)
463-873
873-1073
493-888
888-1068
491-893
890-1073
493 - 893
893 -1073
493 - 923
923 -1073
493-923
923-1073
528-933
933-1073

Mass loss range
E (kJ/mol)
(%)
96.75 - 46.83 40.05
46.83 - 40.22 249.68
93.62 - 43.44 40.08
43.44 - 39.08 248.76
92.88 - 47.48 56.23
47.48 - 39.16 264.38
96.98 - 45.36 58.32
45.36 - 37.66 265.03
95.11 - 40.15 58.45
40.15 - 36.12 266.77
97.57 – 43.87 59.92
43.87 – 39.56 273.39
94.95 – 40.60 61.45
40.60 – 35.32 317.66

A (s-1)

R2

0.48
5.18E9
0.73
1.81E10
5.92
1.56E15
16.05
2.48E14
8.00
2.38E11
32.78
2.40E12
28.01
1.50E15

0.950
0.952
0.952
0.948
0.981
0.952
0.972
0.958
0.985
0.973
0.948
0.957
0.955
0.946

Understanding the kinetics of pyrolysis of lignin is important to better understand
the underlying processes and to provide useful information for rational design and
scaling-up of pyrolysis reactors. There has been previous research on the kinetics of
lignin decomposition. Table 2.8 lists the kinetic parameters that have been published in
the literature. It is interesting to compare the kinetic activation energy obtained in this
work with the literature value listed in Table 2.8. Kraft lignin has value of 40.05–61.45
kJ/mol in this work, while others range from 12.5 to 79.8 kJ/mol. This may be caused by
the erroneous assumptions of the first order reaction by other researchers. For the other
types of lignin, when a single heating rate experiment was used to derive activation
energy in the literature [43,45–47] the values were much lower than those of current
work. When multi-heating rate experiments were used to derive activation energy in the
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literature [48], the activation energy of current work was in the range of the literature
values.
Table 2.8

Lignin
OL
LS
AL

Comparison of kinetic parameters of lignin thermal decomposition in
present work and previous work.
E (kJ/mol)

A(s-1)

55.62
462.95
38.93
144.46
51.46
271.29
133.64

33.64
5.81× 1022
2.36
3.17× 104
52.28
1.33 × 1014
4506.01
0.48-32.78
5.18×1091.56×1015

Temperature
(K)
450-830
830-1010
483-832
832-1010
484-803
803-913
913-1244

KL

40.05-61.45
248.76 - 317.66

Fir lignin

72.9
136.9

1.14 × 107
8.76 × 107

422–561
621–765

AL

87.2
141.7
124–721

2.19 × 108
1.32 × 1012

427–555
567–700
468-860

AL

47.9–54.5

6.8 × 102 to 6.6 ×
300-1170
104

MWL

34–65

100.3 to 103

KL

25.2

4.7 × 102

289-953

KL
KL

80–158
36.7

105 to 107
0.655

500–1000

Lignin

88.2
37.8

1.65 × 104
0.093

553–617
617–708

Birch

Klason
lignin
OL
OL
Sweet gum
hardwood
lignin

491-933
873-1073

Heating rate
References
(K/min)
10
10
10

Present
study

2.5 - 40
[43]
[43]
5, 10, 20

[48]
[46]
[41]

166.2
19.1–42.5
151

0.30–0.74

300-1170

82.3

3.39 × 105

600–1400
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10

[45]
[44]
[49]
[28]

20

[50]

20

[47]
[50]
[51]

2.4

Conclusions
Thermal decomposition of four representative lignins (Organosolv,

lignosulfonate, alkali, and kraft lignins) was investigated by thermogravimetric analysis
(TGA) and temperature-programmed decomposition (TPD) under argon atmosphere.
Results showed that the decomposition process of all lignin consisted of the three stages:
drying stage, fast degradation stage and slow degradation stage. The evolved gas profiles
of H2, CH4, CO, H2S and CO2 during TPD process were in good accordance with the TG
and DTG curves regardless of different lignin resources.
Thermal decompositions of kraft lignin under different atmospheres (Ar, H2, and
CO2) were performed through TPD-MS system at the heating rate of 10 °C/min from
room temperature to 1000 °C. The signals from the mass spectra of 2, 15, 28, 30, 31, 34,
44, 78 and 94 (m/z) were identified as the major contributors from the specific evolved
gases and volatiles (H2, CH4, CO, HCHO, CH3OH, H2S, CO2, benzene, and phenol). The
evolution profiles of gases and volatiles show the intensities of CH4, HCHO, CH3OH,
H2S, benzene, and phenol were significantly enhanced under hydrogen atmosphere. This
can be explained by carbon-carbon (C-C) and carbon–heteroatom (C-O, and C-S) single
bonds been cleaved or experienced hydrogenolysis (breakdown) reactions by hydrogen
during lignin decomposition process. While all except carbon monoxide (CO) were
depressed to form under a carbon dioxide flow. This may be since CO2 is an oxidant
which will quench the radicals generated from the deconstruction of lignin compounds,
and a large amount of CO was generated in the presence of carbon dioxide because of the
gasification of char residue at high temperature.
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The decomposition kinetics of four different lignin samples were investigated
using thermogravimetric analysis (TGA). Coats–Redfern (CR) method was used to derive
the kinetic parameters (activation energy, and frequency factor). The main decomposition
process was separated into two stages for calculation. One at lower temperature had an
activation energy of 70–90 kJ/mol, while that at higher temperature about 135–142
kJ/mol. The calculated activation energy E of the main stage from the model equation for
thermal degradation of different lignin samples was 55.62 kJ/mol for organosolv lignin,
38.93 kJ/mol for lignosulfonate, 51.46 kJ/mol for alkali lignin and 56.23 kJ/mol for kraft
lignin. For the high temperature decomposition stage, the lignosulfonate lignin had the
lowest activation energy of 144.46 kJ/mol. The alkali lignin had activation energy of
271.29 kJ/mol. The organsolv lignin had the highest activation energy of 462.5 kJ/mol.
The kraft lignin had activation energy of 264.38 kJ/mol. The activation energy of kraft
lignin decomposition under different heating rate was also calculated and had values of
40.05–61.45 kJ/mol. The activation energy of kraft lignin decomposition increased as the
heating rate increasing.
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CHAPTER III
CATALYTIC GRAPHITIZATION OF KRAFT LIGNIN TO NANO-MATERIALS
WITH VARIOUS TRANSITIONAL MATELS
3.1

Introduction
Lignin is a low value by-product from wood pulping industries; approximately 45

and 2 million metric tons/year of kraft lignin and lignosulfonates are produced,
respectively [1]. Lignosulfonates have a wide variety of applications; lignosulfonates are
used to disperse pesticides, dyes, and carbon black; lignosulfonates is also used as
plasticizers in making concrete and as feedstock to make fine chemicals; however, the
majority of kraft lignin is being used as a low-grade fuel for the kraft pulping operation
[2]. Researchers are trying to find better uses of kraft lignin, lignosulfonates and other
industrial lignins in the past decades. Carbon contributes approximately 60% mass of
lignin, therefore, lignin has been used as carbon precursor to produce templated carbons
[3], carbon fibers [4], and activated carbon [5]. Graphene materials has been synthesized
from thermal treatment a mixture of lignosulfonate and iron nanoparticles [6], amorphous
carbon from lignin was catalytically converted to ordered graphite structures over iron
particles. Catalytic graphitization of solid carbon has been studied for several decades [7].
Two mechanisms have been proposed for the formation of graphite from solid carbon
substrates over metal catalysts: (1.) The first possible mechanism is dissolution –
precipitation process [8]: at certain temperature, the disorder carbons are tending to
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diffuse and dissolve into metal and/or metal carbide, a saturated carbon solubility is
reached under an equilibrium situation. When the temperature decreasing, the metal
saturated with the disordered carbon, will be supersaturated with carbon. Consequently,
carbon precipitates in the form of graphite crystals since graphite is the highly ordered
carbon with the lowest Gibbs free energy; (2) The second mechanism is metal carbide
formation and decomposition process [7–9]: a metal may first react with amorphous
carbon to form metal carbides which can decompose to metal and graphite. Based on the
catalytic graphitization mechanisms, it is reasonable to classify the reactivity of the
transition metals with carbon into three groups: (a) Metals have very low carbon
solubility; (b) metals can dissolve a significant carbon; (iii) metals may form strong
chemical bonds with carbon to result in the metal carbides.
Transition metals (Fe, Ni, Cu, Mo, and other transitional metals) are widely used
as active components for carbonization/graphitization carbon sources to produce nano
structured carbons like graphene, carbon nanotubes, carbon nanofibers [10–12]. The
product structures may be affected by the active phase and reaction conditions. In this
work, a catalytic graphitization of kraft lignin process is proposed to produce graphenebased nanomaterials over metal catalysts; four transitional metals, i.e., Fe, Ni, Mo, and
Cu are selected as the catalyst active components. The effect of transition metals Cu, Ni,
Mo and Fe on catalytic graphitization of kraft lignin to graphene materials is investigated.
In the present study, the role of transition metals (Fe, Ni, Mo, and Cu) in the catalytic
growth of graphene from kraft lignin is investigated through an experimental approach.
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3.2
3.2.1

Experimental
Chemicals and materials
Copper nitrate tetrahydrate (Cu(NO3)2*4H2O), nickel nitrate hexahydrate

(Ni(NO3)2*6H2O), ammonium molybdate tetrahydrate ((NH4)6Mo7O24*4H2O), Iron(III)
nitrate nonahydrate (Fe(NO3)3*9H2O), and tetrahydrofuran were purchased from SigmaAldrich, and kraft lignin was provided by Domtar.
3.2.2

The promotion of metal ions on the kraft lignin
The metal-kraft lignin precursors were prepared by the co-precipitation method.

3.2.2.1

Preparation of copper promoted lignin
100 grams of kraft lignin was first added to 100 mL tetrahydrofuran in a 200-mL

glass beaker, stirred for 2 hours; 42.7 grams of copper nitrate tetrahydrate were added to
50 mL DI water in a 500-mL glass beaker, stirred for 30 minutes, followed by adding the
copper nitrate solution drop-like (~ 2 mL/min) to kraft lignin solution and stirring for 2
hours. The mixture was kept at room temperature for 24 h, and then transferred to an
oven where it is dried at 110 °C for one day.
3.2.2.2

Preparation of nickel promoted lignin
100 grams of kraft lignin was first added to 100 mL tetrahydrofuran in a 2000-mL

glass beaker, stirred for 2 hours; 56 2 grams of nickel nitrate hexahydrate were added to
50 mL DI water in a 500-mL glass beaker, stirred for 30 minutes, followed by adding the
nickel nitrate solution drop-like to kraft lignin solution and stirring for 2 hours. The
mixture was kept at room temperature for 24 h, and then transferred to an oven where it
was dried at 110 °C for one day.
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3.2.2.3

Preparation molybdenum promoted lignin
100 grams of kraft lignin was first added to 100 mL tetrahydrofuran in a 2000-mL

glass beaker, stirred for 2 hours; 464 grams of ammonium molybdate tetrahydrate were
added to 100 mL DI water in a 500-mL glass beaker, stirred for 30 minutes, followed by
adding the ammonium molybdate solution drop-like to kraft lignin solution and stirring
for 2 hours. The mixture was kept at room temperature for 24 h, and then transferred to
an oven where it was dried at 110 °C for one day.
3.2.2.4

Preparation of iron promoted lignin
300 grams of kraft lignin was first added to 300 mL tetrahydrofuran in a 2000-mL

glass beaker, stirred for 2 hours; 2460 grams of Iron(III) nitrate nonahydrate is added to
100 mL DI water in a 500-mL glass beaker, stirring until it is dissolved completely,
followed by adding the iron nitrate solution drop-like to kraft lignin solution and stirring
for 2 hours. The mixture was kept at room temperature for 24 h, and then transferred to
an oven where it was dried at 110 °C for one day.
3.2.3

Thermogravimetric analysis (TGA) experiments
Thermogravimetric analysis of the samples was carried out in a TGA (Shimadzu

TGA-50H) through isothermal analyses. The system was capable of quantitatively
measuring the change in mass of a sample as a function of temperature up to 1500 °C.
The change in mass was then related to the changes taking place in the sample during
decomposition. For each sample prepared, argon (99.99% purity, 50 ml/min) was flown
through the TGA at 50 mL/min as the temperature was ramped at 10°C/min. Each sample
was repeated for at least three times.
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3.2.4

Temperature-programmed decomposition (TPD)
Temperature-programmed decomposition (TPD) experiments involved heating

the sample in an argon purging gas (20mL/min) at a programmed heating rate to induce
thermal decomposition of metal-promoted samples. TPD experiments were carried out
using an Autochem 2920. 1 g of the sample was used in each run. Volatile species from
the TPD process were measured with an on-line mass spectrometer.
3.2.5

Thermal treatment of metal-lignin samples
Fifteen grams (15g) of the metal-promoted kraft lignin samples were each packed

in the middle of a 1-inch OD ceramic tubular reactor. The carrier gas – argon (99.99%
purity) was first introduced into the reactor at a flow rate of 80 mL/min for 30 minutes.
The reactor was heated temperature-programmed with a rate of 10 °C /min to 1000 °C
and kept at 1000 °C for 1 hour. The furnace was cooled down by 10 °C /min to room
temperature under an argon flow. The product stream from the reactor passed through a
gas-liquid separator, where the temperature was held at 0 °C. Liquid products were
collected from the cold condenser. The gas phase product from the condenser was
gathered by a gas tank and analyzed used an Agilent 6890 Gas Chromatograph (GC).
The selectivity of solid residue product was calculated by

 A
X %    100%
B

(2.1)

where A was the weight of the solid residue after catalytic thermal treatment, and
B was the weight of metal-promoted kraft lignin sample before thermal treatment.
The solid carbon selectivity was measure by TGA. 20 mg of the solid residue
after catalytic thermal treatment was put on a ceramic sample pan for TPO analysis in
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Shimadzu TGA-50H instrument. By heating the sample in high flow of air (100 ml/min)
from room temperature to 800 ̊C with 10 ̊C/min, the weight change was recorded as
related to carbon burning. The selectivity of solid carbon product was calculated by
Y% = X%(C/D)

(2.2)

where C was the weight loss of the solid residue after TGA, and D was the weight
of solid residue sample before TGA.
3.2.6

Characterization
X-ray powder diffraction (XRD) patterns of the samples were obtained using a

Rigaku Ultima III X-ray Diffraction System operated at 40 kV and 44 mA using Cu-Kα
radiation with a wavelength of 1.5406 Å, from 20° to 80° at a scan rate of 0 02 °s−1. The
Jade powder diffraction analysis software from Materials Data, Inc was used for both
qualitative and quantitative analysis of polycrystalline powder materials. The morphology
of the samples was investigated with a Scanned Electron Microscope (SEM). All samples
were pre-coated with 10 nm Pt before being introduced into the vacuum chamber. The
system was operated with accelerating voltage of 10 kV. The sample particle sizes were
examined with a JEOL JEM-100CX II Transmission Electron Microscope (TEM)
operated at accelerating voltage of 200 kV. All samples were sonicated in ethanol
solution for 1 minutes before transferred to copper grids.
Raman Spectroscopy measurements were carried out on a Hololab Series 5000
microscope coupled to a Holospec f/1.8 Spectrograph (Kaiser Optical Systems, USA)
working at 785 nm excitation wavelength. Deconvolution of the spectra was performed
by assuming mixed Gaussian/Lorentzian peaks to describe both the main D- and G-bands
and the two minor ones. A and D2, positioned at 1500 cm−1 and 1170 cm−1,
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respectively. The fit was performed using Origin Pro 2015. The spectra analysis was
supported by the variations observed in both the D- and G-band-parameters. The
parameters retained were the full-width of the half-maximum (FWHM) of the D-band,
and the ratio of the peak heights (ID/IG). Twenty spectra were collected for each sample.
The crystalline size along the a-axis (La) was calculated using the Cançado equation [13].

La(nm)  (2.4 1010 ) 4 (

3.3
3.3.1

IG
)
ID

Results and Discussion
TGA
Figure 3.1 showed the TG and DTG curves of the raw kraft lignin and the metal-

kraft lignin samples. As shown in the TG/DTG curves, the thermal degradation of kraft
lignin proceeded over a wide temperature range (150–1000 °C). From 30 to 140 °C,
almost 6.3% of the sample weight was lost, the weight loss was mainly attributed to the
evaporation of free water in the sample, as there were no signals of organic compounds at
the MS spectra in this range (no shown here). The DTG curve showed that between 150
and 534 °C there was a single maximum occurring at 436 °C, indicating of lignin
decomposition. The weight loss in the range of 150–534 °C was about 46 %. The weight
loss between 534 and 1000 °C was 11.3 %.
There were three significant mass loss steps that were shown in Figure 3.1b. The
first and the highest mass loss of the copper-promoted lignin occurred in the temperature
range from 71 to 385 °C with a peak temperature of 279 °C. This mass loss stage was
very complex: first, the copper promoting the decomposition of the lignin was obvious;
second, the thermal decomposition of copper nitrate contributed to the mass loss. The
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reduction of copper oxide from the decomposition of copper nitrate also should be
included. There was about 33.5 % mass loss in this step. The second loss of mass was
found around 385 to 700 °C and corresponded to the decomposition of functional groups
in the lignin ring structures. The mass loss in this zone was 10%. These results indicate
that oxygen functional groups start to release in this temperature zone and lead to initial
carbonization of the carbonaceous lignin char. After 700 °C until 1000 °C, the mass
decreased gradually.
TG/DTG curves of Ni-lignin sample were plotted in Figure 3.1c. As shown, the
catalytic decomposition process could be divided into five stages: (1) water evaporation,
(2), decomposition of nickel nitrate and side chain structures de-polymerization (3),
decomposition of aromatic ring structures (4) reduction of nickel oxide by active carbon
species in lignin char, and (5) carbonization of lignin char, corresponding to five mass
loss steps shown in the TG curves. Nickel has been known to be one of the efficient
catalysts for the graphitization of amorphous carbons [5,13].
For lignin promoted by ammonium heptamolybdate, continuous gradual weight
loss between 130-320 °C corresponded to the decomposition of ammonium
heptamolybdate. At around 320-385 °C, the shoulder peak was attributed to the partially
reduction of Mo3+ in ammonium heptamolybdate by active carbon species in lignin. The
DTG curve of Figure 3.1d showed that there was a mass loss peak at 430 °C, which
indicating kraft lignin decomposition. From 585 to 730 °C, around 4.38 % of the mass
was lost corresponding to the reduction of Mo oxides to metallic Mo. The sharp peak at
880 °C was attributed to the formation of Mo2C due to the reaction between remaining
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carbon and molybdenum, while lignin char was catalytic graphitization by molybdenum
carbide.
The TG and DTG curves for the Fe-lignin sample were shown in Fig. 3.1e. There
were four possible steps. The initial mass loss corresponded to the loss of physically
adsorbed water. This loss occurs between 50 and 160 °C with a tiny peak temperature of
112.5 °C. The second mass loss was observed around 160 to 317 °C and corresponds to
the de-polymerization of kraft lignin and the decomposition of iron nitrate. The
maximum mass loss peak was centered at 237.5 °C. Most of the oxygen-containing
groups in the alkyl side chain of the lignin basic units were catalytic decomposed in this
stage, the mass decreased rapidly because of the breakage of large amounts of ether
bonds and C-C bonds connected on the phenyl propane units, and then a lot of smallmolecule gases and macromolecular condensable volatiles were generated. Figure 3.1e
shows the mass loss of this stage was13.71 %. The maximum mass loss rate was 0.209
%/°C at this point.
The most mass loss occurred between 317 to 588 °C corresponding to the
decomposition of kraft lignin char from the second stage. Functional groups continued to
decompose in this temperature zone, which leads to the aromatization of the char matrix.
The peak temperature of the third stage was 382.5 °C with a mass loss rate of 0.096
%/°C. The mass loss of this stage was 21.33 %.
The last mass loss stage was characterized with a further carbonization and
graphitization process of the char residues in a wide temperature zone of 588 to 1000 °C.
In this zone, mass loss is mainly attributed to the decomposition of phenols, quinine,
ether and C-H groups, which gives out CO and H2 as the main products. The peak
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temperature of this stage was 710 °C with a mass loss rate of 0.0.056 %/°C. The mass
loss of the catalytic carbonization/graphitization stage was 13.32 %.

Figure 3.1

TG and DTG curves of the raw kraft lignin and the metal-kraft lignin
samples heated at a rate of 10 °C/min in argon atmosphere: (a) raw kraft
lignin, (b) Cu-lignin, (c) Ni-lignin, (d) Mo-lignin, (e) Fe-lignin.
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3.3.2

TPD-MS
Figure 3.2a showed the trends of volatile gas species during temperature-

programmed thermal treatment of the copper promoted lignin sample. TPD curves were
different from those of the raw lignin. A significant amount of gases like CO2, CO, CH4,
and NO2 were released in the temperature zone of 85-300 °C. This implied that copper
ions promoted the de-polymerization of lignin. NO2 peak was observed from 102 to 250
°C with a maximum at 160 °C. It meant the decomposition of copper nitrate occurred in
this temperature range. In the prepared Cu-lignin precursor, Cu ions were combining with
oxygen-containing functional groups like carboxyl, carbonyl, ester or hydroxyl. Under
thermal treatment process, copper nitrate decomposed and produced copper oxide,
nitrogen dioxide and oxygen.
2 Cu(NO3)2 = 2 CuO + 4 NO2 + O2
Copper ion and copper oxide trapped in the lignin matrix were reduced by the
functional groups of the lignin, especially those of aliphatic side branches.
Simultaneously, lignin was deconstructed, releases volatile gas (i.e., CO2, CO, H2O, CH4,
etc.), and form solid char after the first stage.
CuO + lignin → Char + Cu + CO2 + CO + H2O + CH4
After the first stage of catalytic de-polymerization (85-300 ºC), metal copper
particles were trapped in the solid char structure; with the increasing of heating
temperature, the reduced metallic copper nanoparticles served as the catalyst to carbonize
char to carbon and gases.
Char  Carbon + CO2 + CO + H2O + CH4
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Figure 3.2b shows the trends of vent gas species (CO2, CO, CH4, NO2, and H2)
during temperature-programmed thermal treatment of the nickel doped lignin sample.
Like the Cu-lignin sample, TPD curves of Ni-lignin were also different compared to
those of the kraft lignin. NO2 was observed to appear from138 °C with a maximum at
199.5 °C. Nickel(II) nitrate was thermally decomposed to produce nickel(II) oxide, nitric
oxide and oxygen.
2Ni(NO3)2  2NiO + 4NO2 + O2
Then CO2, CO, and CH4 were released in the temperature zone of 185-300 °C.
This implied that the de-polymerization of lignin with the promotion of nickel. The
release of CO2, CO and CH4 at the lower temperature range was mainly a result of the
cracking and reforming of carboxyl, carbonyl and ether groups in the phenylpropane side
chains. The evolution of CO2 began at approximately 185 °C, increased with increasing
of temperature, and reached a maximum at 215 °C. Compared with CO2, CO evolution
was detected over a similar temperature range of 185–280 °C, with a maximum at about
218 °C. The formation of the carbon monoxide at this temperature range was probably
caused by the breaking of diaryl ether groups in kraft lignin. There was a small methane
evolution peak between the temperature of 185 and 255 °C, and it was mainly caused by
the fragmentation of the side chains. In the second stage, the formed char was catalytic
carbonized to carbon from 300 °C to 1000 °C. The strong CO peak of 555 °C was
assigned to ether decomposition. This implied that nickel ions promoted the hydrolysis of
the ether. The weak intensity CO2 peak at 490 °C was assigned to the carbothermal
reduction of nickel oxide. Hydrogen evolution was observed when the temperature was
above 490 °C; it was assigned to cracking of –CHx(x=1-3) groups promoted by nickel
77

metal. In the present work, nickel oxide dissolved in the lignin matrix was first reduced
by surface functional groups of the lignin, then the reduced metallic nickel reacted with
amorphous carbon to form Ni@C nanostructures.
NiO + active functional groups →Ni + CO2 + CO +H2O
Figure 3.2c showed the mass spectroscopy of the vent gas during the thermal
decomposition of Mo-lignin sample. Hydrogen, methane, ammonia, carbon monoxide,
hydrogen sulfide and carbon dioxide were measured during TPD process. The TPD
results showed that the decomposition reaction proceeded in several stages over the
temperature range studied.
Theoretically, the (NH4)6Mo7O24·4H2O in the Mo-Lignin sample would first
decompose gradually into MoO3. As Biedunkiewicz et al [14] proposed, there were four
stages for the thermal decomposition of (NH4)6Mo7O24·4H2O (precursor) in argon, i.e.,
Stage I (NH4)6Mo7O24→(NH4)4Mo7O23H2O+2NH3+4H2O.
Stage II (NH4)4Mo7O23H2O→(NH4)3Mo7O22.5H2O+NH3+0.5H2O.
Stage III (NH4)3Mo7O22.5H2O→(NH4)Mo7O21.5+2NH3+2H2O.
And stage IV and stage V (NH4)Mo7O21.5→7MoO3+NH3+0.5H2O.
In these stages NH3 were formed and released with the increasing of the heating
temperature from 120 to 320 °C. There was a CO2 formation peak between 220 and 350
°C, it was suggested that ammonium molybdate was progressively a little different
decomposition process with the existing of lignin, i.e., partial ammonium molybdate was
reduced to MoO2 during decomposition process by carbon active phase (C*) in lignin
through the possible reaction:
(NH4)6Mo7O24·4H2O + C*  MoO2 + NH3 + CO2 + H2O
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The most significant CO2 formation was observed between 350 and 790 °C, this
might due to the gradually reduction of molybdenum oxides to metallic Mo by carbon
active species (C*) and/or the formed CO through the following possible reactions:
2 MoO3 + C*2MoO2 + CO2
MoO3 + C*MoO2 + CO
MoO3 + COMoO2 + CO2
MoO2 + 2 C*Mo + 2CO2
MoO2 + 2COMo + 2CO2
The formation peaks of CO, H2S and CH4 between 350 and 500 °C were
produced by the decomposition of kraft lignin through the reaction of CxHyOz  CO +
CO2 + CH4. The major CO peak from 550-750 °C was attributed to the carbothermal
reduction of MoO2 in the lignin char matrix.
MoO2 + 2 C*Mo + 2CO
Then, the reduced molybdenum further reacts with carbon active species to form
Mo2C.
2Mo + C*Mo2C
The major CO and CO2 peaks at 950 °C was attributed to the catalytic
carbonization of lignin char by Mo2C. Hydrogen was generated by the cracking of CHx
(x=1~3) groups bonded in the lignin char structures, it was noticed that there were two
maxima of hydrogen evolution peaks, the first one was between 490 °C and 860 °C with
a peak temperature at 750 °C, it was assigned to the thermal decomposition of C-H bonds
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in lignin char; the second one was observed in the range of 860-1000 °C, centered at 950
°C, it was attributed to the catalytic graphitization of lignin char by molybdenum carbide.
Figure 3.2d showed the trend of vent gas species during TPD of the iron promoted
lignin sample. NO2 was first observed to form between 160 °C and 250 °C. Iron nitrate
was thermally decomposed to iron(III) oxide, nitric oxide and oxygen.
4 Fe(NO3)3 .9H2O  36H2O + 2Fe2O3 + 12NO2 + 3O2
The gases like CH4, CO, and CO2, were detected during the thermal process. The
surface functionalities chemically bound to the lignin decomposed upon heating and
released gaseous compounds at different temperatures. Sharp peaks corresponding to
CO2, CO, and CH4, were observed at ~237 °C. Of these gaseous species, more than 95%
were CO2.
Both CO2 and CO evolution were detected over a wider temperature range of
400–1000 °C, with two peaks at about 630 and 900 °C for the Fe-kraft lignin sample. The
formation of the carbon monoxide at the temperature range (450–700 °C) was probably
caused by the breaking of diaryl ether groups and secondary pyrolysis of volatiles. The
largest release of CO occurs around 900 °C, was attributed to the break of diaryl ether
linkages during catalytic graphitization process.
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Figure 3.2

3.3.3

Hydrogen, methane, carbon monoxide, carbon dioxide, ammonia, hydrogen
sulfide and nitrogen dioxide evolution for the temperature-programmed
thermal treatment of the different metal-promoted kraft lignin at a rate of
10 °C/min in argon atmosphere: (a) Cu, (b) Ni, (c) Mo, and (d) Fe.

Effect of different metals on decomposition of kraft lignin
Three phases were produced during the catalytic thermal treatment of metal-

promoted kraft lignin samples under an argon atmosphere: gas/aerosol, liquid (tars,
condensable vapors, etc.), and solid carbon (metal free). Table 3.1 showed the solid
carbon residue yield after catalytic thermal treatment. The yields of the solid carbon
residues from kraft lignin with different transitional metals were 31.3% for iron, 31.5%
for nickel, 34.0% for copper and 30.1% for molybdenum, respectively. Thermal
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decomposition of Cu-lignin under argon atmosphere produced 19.2% liquid products
(mainly water), the highest compared to 18.0%, 17.8% and 17.3% of Fe-, Mo-, and Nilignin, respectively. Table 3.1 demonstrated that decomposition of Mo-lignin under argon
give gaseous phase yield of 52.6%, the highest compared to 51.2%, 50.7% and 46.8% of
Ni-, Fe-, and Cu-lignin, respectively.
Table 3.1

Effects of transitional metals on graphene nanomaterial production at the
temperature of 1000 °C for 1 hour.

Metal-kraft lignin Precursors
FeNiCuMo-

3.3.4

Solid carbon (wt%)
31.3
31.5
34.0
30.1

Liquid (wt%)
18
17.3
19.2
17.8

Gas (wt%)
50.7
51.2
46.8
52.6

Effect of different transitional metals on solid product specific surface area
Table 3.2 Brunauer-Emmett-Teller (BET) surface area (Sg) of carbon-based nano

materials from kraft lignin promoted with iron nitrate (Fe-), nickel nitrate (Ni-), copper
nitrate (Cu-) and ammonium molybdate (Mo-) after thermal treated at the temperature of
1000 °C under an argon flow for 1 hour. It was found that the physicochemical properties
of the products were different depending upon the promoting metals. The BET surface
area of the solid samples obtained from different metal precursors were in the range of
88-115 m2/g with the order of Ni- > Fe- > Mo- > Cu-. The product samples prepared
from iron nitrate and nickel nitrate had higher surface area than the molybdenum and
copper samples. This was because nickel and iron metal had higher activity on cracking
the C-H, C-O and other bonding in biomass resources.
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Table 3.2

BET surface area (Sg) of carbon-based nano materials from kraft lignin
Sg (m2 g−1)
108
115
88
93

Sample
FeNiCuMo-

3.3.5
3.3.5.1

Characterization
XRD
Figure 3.3 showed the XRD patterns of the samples from kraft lignin promoted

with different transitional metals. Fig. 3.3a was XRD of the thermal treated Cu-lignin
sample. The strong intensity diffraction peaks at 43.24°, 50.38°, and 74.03° was assigned
to the (111), (200), and (220) planes of face centered cubic (fcc) Cu crystals, respectively.
The sizes of the copper nanoparticles were estimated using the Scherrer equation. And
the average diameter of the particles was 56.2 nm (Table 3.3).
Figure 3.3b showed XRD pattern of the heat-treated Ni-lignin sample. The peaks
observed at 2θ of 44.5°, 51.8° and 76.4° were characteristic of fcc nickel phase,
corresponding to (111), (200), and (220) planes, these peaks indicated that the Ni had a
polycrystalline structure.
The XRD pattern of the Mo-lignin sample was plotted in Figure 3.3c. The
diffraction peaks located at 34 3° (100), 39.6° (101), 37.8° (002), 52.3° (102), 34.4°
(100), 61.5° (110), 69.8° (103), and 74.5° (112) were assigned to β-Mo2C phase (PDF
35-0787). Additionally, the average crystallite size determined by (101) peak using
Scherrer formula, was 21.0 nm (Table 3.3).
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The XRD pattern of the Fe-Lignin sample (Figure 3.3d) showed three peaks at
43.50°, 50.64°, and 74.36 ° that corresponded to the -iron (111), (2 0 0) and (2 2 0)
planes (PDF#98-000-0258). The peaks 37.75 °, 40.7 °, 42.6 °, 43.75 °, 44.56 °, 44.94 °,
45.86 °, 49.12 °, and 57.8 ° were assigned to cementite (Fe3C) with correspondence
planes of (1 2 1), (2 1 0), (2 0 1), (2 1 1), (1 0 2), (2 2 0), (0 3 1), (1 1 2), and (2 2 1),
respectively (PDF#00-035-0772). There was a peak at 26.55 ° which corresponded to
graphite (002) (PDF#00-056-0160) plane for all samples, this meant the graphene
structure was formed from kraft lignin after thermal treated at 1000 C.

Figure 3.3

XRD patterns of the samples prepared with Cu (a), Ni (b), Mo (c), and Fe
(d) after heat treatment at 1000 °C under an argon flow for 1 hour.
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The mean particle size, L was calculated for the most intense diffraction peaks of
each metal using the Scherrer formula [16]:

L

0.9
(BM2  BS2 )  cos 

Where, λ is wavelength of the target CuKα (1.5406 Å), BM is the full width at half
maximum of highest intensity diffracted plane, BS is the full width at half maximum of
the standard materials in radians (BS = 0.1º × π/180 º), θ is peak centroid for highest
intensity diffracted plane. The results were shown in Table 3.3.
Table 3.3

Particle size of different metals

Metal
Ni
Cu
Mo
-Fe
-Fe
Fe3C

Fe

3.3.5.2

Average particle size (nm)
52.4
56.2
21.0
11.3
23.3
32.8

Raman
The Raman spectra can identify the presence of the graphite and disordered

amorphous carbon in the samples. Figure 3.4 showed Raman spectra of the thermal
treated samples from kraft lignin promoted with different transitional metals. In all the asobtained samples, two strong resonant peaks were observed, a D band near 1354 cm−1
and a G band near 1583 cm−1. The band around 1354 cm-1 (D-band) was associated with
the disorder-induced scattering produced by imperfections or loss of hexagonal symmetry
in the carbon structure. This band does not appear in perfect graphite crystals. Therefore,
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this band has been used to evaluate the degree of imperfection or crystallinity of graphite.
On the contrary, the band around 1583 cm-1 (G-band) is always observed in all graphite
materials. A 2D band at ∼2706 cm−1, as well as a weak D + G peak at ∼2920 cm−1
were also observed.
D to G band intensity ratio (ID/IG) is an important parameter for determining the
defect density in the graphene films. The ID/IG values of the samples prepared from kraft
lignin with different transitional metals was listed in Table 3.4. The ID/IG values of the
prepared samples were 1.50, 1.46, 1.39, and 1.29 for Cu-, Mo-, Ni-, and Fe- catalyzed
kraft lignin samples, respectively. The graphitization degree of these four samples was in
the order of Cu- < Mo- < Ni- < Fe-, therefore, the graphitization activity was increasing
in the order of Cu < Mo < Ni <Fe.
An in-plane size of the graphite crystals (La) in nanometer, was estimated by a
ratio of the intensity of the D- and G- bands, IG/ID, using an equation, La ≈ 4.4(IG/ID). The
values of La of the samples were given in Table 3.4. All four samples demonstrated a
similar graphene crystal size of 13-15 nm.
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Figure 3.4

Raman spectra for different metal catalyst

Table 3.4

Fitting results of different metal catalyst

Metal
Cu
Mo
Ni
Fe

3.3.5.3

ID/IG
1.5
1.46
1.39
1.29

(ID+G)/2D
0.53
0.46
0.46
0.4

La (nm)
12.78
13.19
13.81
14.87

SEM
Figure 3.5-Cu shows SEM images of copper-promoted kraft lignin samples dried

at 105 C (a) and thermal treated at 1000 C under an argon flow for 1 hour (b). As
shown in Fig. 3.5-Cu-a, the surface of the calcined sample is smooth and clean.
The surface morphologies of the thermal treated copper kraft lignin sample
(Figure 3.5 -Cu-b) were different with the dried sample. The most obvious feature
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observed was the formation of nanoparticles over the surface of the thermal treated
sample, where particles diameters ranged from 5 to 10 nm. More micro-pores and microchannels were also observed on the surface of the thermal treated sample.
The dried Ni-lignin sample was made of amorphous structures in different sizes
(Figure 3.5 -Ni-a). Fig. 3.5-Ni-b show the morphology of the thermal treated nickellignin. The SEM image of the product in Figure 3.5 -Ni-b showed that the shape and size
of particles are quite different from the dried precursor, spherical particles were seen over
the decomposed sample. The image (Figure 3.5-Ni-b) also showed nano-flakes uniformly
distributed on the surface of the decomposed sample with sizes between 30 to 70 nm.
Figure 3.5-Mo showed SEM images of Mo-kraft lignin samples dried at 105 C
(a) and thermal treated at 1000C (b). As shown in Figure 3.5-Mo-a, the surface of the
dried sample was smooth and clean. The morphologies of the decomposed Mo-kraft
lignin sample (Figure 3.5-Mo-b) were different with the dried sample. It was observed
that the sample was composed of nanoparticles. These particles had sizes between 5 to 10
nm. XRD result (Figure 3.3b) proves these nanoparticles were molybdenum carbide.
Figure 3.5-Fe showed SEM images of Fe-kraft lignin samples dried at 105C (a)
and thermal treated at 1000C (b). As shown in Figure 3.5-Fe-a, the surface of the dried
sample is filled with porous nanoparticles. These nanoparticles had sizes ranges 2-8 nm.
The decomposed Fe-kraft lignin sample (Figure 3.5-Fe-b) was composed of
nanoparticles. Spherically shaped particles with a uniform particle size were observed for
the product. These particles had sizes between 5 to 10 nm. XRD result (Figure 3.3d)
proved these nanoparticles were composed of -Fe, -Fe, iron carbide and graphene.
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Figure 3.5

3.3.5.4

SEM images of the kraft lignin samples prepared with Cu, Ni, Mo, and Fe
after heat treatment at 1000 °C under an argon flow for 1 hour.

TEM
The morphology and structure of the decomposed samples were characterized

using HRTEM and images were illustrated in Fig.3.6. Fig.3.6-Cu showed HRTEM
images of the thermal treated Cu-lignin sample, the Cu-lignin sample was consisted of
Cu@C core/shell nanoparticles (Fig.3.6-Cu-b). The nanoparticles had spherical shape,
dark cores were enclosed by light shells (Fig.3.6-Cu-b and c). Most of these carbonencapsulated nanoparticles had core diameters about 5-10 nm and the outer shell was
composed of 1-3 layers of graphene structure.
Fig.3.6-Ni showed HRTEM images of the thermal-treated nickel-lignin sample.
This sample was composed of nanoparticles and film-like porous material (Fig.3.6-Ni).
HRTEM images showed two types of nanoparticles: the majority nanoparticles had a
narrow particle size distribution in a range from 2 to 5 nm, were encapsulated with 1-3
layers of graphene. There were also some nanoparticles with quasi-spherical shape and
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dark cores enveloped by 5-20 layers of concentric graphene shells (Fig.3.6-Ni-c). The
diameters of these nanoparticles ranged from 10 to 20 nm.
Fig.3.6-Mo showed HRTEM images of the thermal treated Mo-lignin sample. It
was found that Mo2C nanoparticles with sizes ranging from 5 nm to 15 nm were
encapsulated in 1-15 layers of graphene structure. Fig.3.6-Mo-c shows the HRTEM
image of -Mo2C with the d-spacing values of 0.221 nm for the (101) crystallographic
planes. There were 1-3 layers of graphene over (101) plane. While Fig.3.6-Mo-d showed
the HRTEM image of -Mo2C with the d-spacing values of 0.2595 nm for the (110)
planes. There were more than 10 layers of graphene over (101) plane.

Figure 3.6

TEM images of the kraft lignin samples prepared with Cu, Ni, Mo, and Fe
after heat treatment at 1000 °C under an argon flow for 1 hour.
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3.4
3.4.1

Discussion
Comparison of present and previous results
Catalytic graphitization of kraft lignin to nano-materials were investigated over

four transitional metal catalysts (Ni, Cu, Fe and Mo) through a catalytic thermal
treatment process. The results obtained in the present work were summarized in Table
3.6. BET surface areas of samples obtained from different metal precursors were in the
range of 88-115 m2/g within the order of Ni- > Fe- > Mo- > Cu-. Thermal gravimetric
analysis (TGA), and temperature-programmed decomposition (TPD) experimental results
show that adding transitional metals can promote the decomposition and carbonization of
kraft lignin. The catalytic activity is increasing with an order of MoCu<NiFe. XRD
results show face centered cubic (fcc) Cu crystals is formed in the thermal treated Culignin sample, fcc nickel phase for the Ni-lignin sample, β-Mo2C hexagonal phase for the
Mo-lignin sample and -Fe, -iron, and cementite(Fe3C) for the Fe-lignin sample.
Average particle sizes of these crystal phases calculated using the Scherrer formula are
52.4 nm, 56.2 nm, 21.0 nm, 23.3 nm, 11.3 nm, and 32.8nm for Ni, Cu, β-Mo2C, -Fe, iron, and Fe3C, respectively. Raman results prove that the graphitization activity of these
four metals is in the order of Cu<Mo<Ni<Fe. Scanning electron microscopy (SEM), and
high resolution transmission electron microscopy (HRTEM) show that multi-layer
graphene-encapsulated metal nanoparticles are the main products beside some graphene
sheets/flakes from kraft lignin catalyzed by transitional metals. It is concluded the
catalytic activity is following the order of Fe>Ni>Mo>Cu.

91

Table 3.5

Characterization results of the kraft lignin samples prepared with Cu, Ni,
Mo, and Fe after heat treatment at 1000 °C under an argon flow for 1 hour.

Catalyst
BET Surface Area
(m2/g)
XRD

SEM
TEM
Raman
Summary

Results
Ni- (115) > Fe-(108) > Mo- (93)> Cu- (88)
Cu: face centered cubic (fcc) Cu phase
Ni: fcc nickel phase
Mo: β-Mo2C hexagonal phase
Fe: -iron, cementite(Fe3C) and graphite phases
Nanoparticles formed for all the samples
Graphene-encapsulated metal particles formed for all the
samples
ID/IG values of the prepared samples are 1.50, 1.46, 1.39, and
1.29 for Cu-, Mo-, Ni-, and Fe- catalyzed kraft lignin samples
Catalytic performance: Fe>Ni>Mo>Cu

Other researchers have reported previously on catalytic graphitization of solid
carbon resources [7,9,15–20]. Table 6 listed notable works done on this area.
Yokokawa et al.[15] investigated the catalytic graphitization of divinyl benzene
polymer, furfural alcohol or furfural between 1400 and 2300 °C with 5 wt% transitional
metallic catalysts including Cu, Ni, Co, Mn, Al, Ag, Zn, and Sn. The catalytic
graphitization was observed to start at temperatures between 1400 and 1500°C. X-ray
diffraction (XRD) results showed the highly graphite was obtained from solid carbon
resources.
Ishikawa et al. [20] examined the effects of metallic compounds on graphitization
of coke at temperatures between 2000 and 2500 °C. 0.5, 1 , 2 , and 3 wt% catalysts were
added in a metallic state, oxides or carbonates such as TiO2, V2O5, Fe2O3, Au, Li2CO3,
Ag, MgO, BaCO3, SrCO3, Mo, Pt, K2CO3, Zn, Al2O3, ZrO2, SiO2, Bi, Cr2O3, WO3,
Se, Mn, CoO, Sn, Sb, Na2CO3, Cu, CaO, HgO, Pb, Cd, and Ni. Titanium, iron, and
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vanadium showed the catalytic effects on solid carbon graphitization, the others showed
very low or almost no catalytic activity. Iron was the most active catalyst on this process.
Weisweiler et al. [9] studied the graphitization of monolithic glasslike carbon as
catalyzed by molten metals. The heat treatment temperatures (HTT) were 100 to 200°C
higher than the melting points of the metals used and the heating time was 5 min in all
cases. The results were compared with those of previous investigations on compacts
prepared from metal and carbon powders. It was concluded that catalysts such as Ni, Co,
Fe, Pt, Mo, Cr, and B were highly effective in catalyzing the graphitization. In the case of
Mo, Cr, and B, the reaction might take place via an intermediate formation of the carbide.
The mechanism of solution-precipitation was proposed to Ni, Co, Fe, Pt, Mo, Cr, and B
metal catalysts. Metals such as Ag, Mg, Zn, Cd, Ge, Sn, Pb, Sb, Bi, Se, Te, and Pd
showed no such reaction.
Oya et al [7] studied the catalytic graphitization of 3,5-dimethylphenolformaldehyde (3,5-DMPF) and phenol formaldehyde carbons over 22 metallic catalysts.
The catalytic thermal process was carried out at 2600 °C for 1 hr and 3000 °C for 10 min
under argon atmosphere. About 20 wt% metal (Al, Cr, Mn, Fe, Co, Ni, Ca, Ti, V, Mo and
W) was added for graphitizing 3,5-dimethylphenol-formaldehyde (3,5-DMPF) resin
carbon powder. Graphitic carbon was successfully produced from 3,5-DMPF carbon.
Two mechanisms were proposed for the graphite formation: the carbon dissolutionprecipitation mechanism over Al, Cr, Mn, Fe, Co, and Ni; and the carbide formationdecomposition mechanism for Ca, Ti, V, Mo and W. 10 wt% of the catalyst was mixed
with the non-graphitizing phenol formaldehyde (PF) resin carbon. It was discovered that
only graphitic carbon formed over Mg, Si, Ca, Cu and Ge catalysts; and both graphitic
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and turbostratic carbons were observed to generate over Al, Ti, V, Cr, Mn, Fe, Co, Ni,
Mo and W.
Kakunuri et al. [19] reported the catalytic graphitization of resorcinolformaldehyde (RF) xerogel at the temperatures ranging from 900 to 1800 °C. Raman
spectroscopy, X-ray diffraction (XRD), high-resolution transmission electron microscopy
(HRTEM) and small angle X-ray scattering (SAXS) characterization studies suggested
that RF derived carbon xerogels were non-graphitizable carbon which could be
graphitized in the presence of metal catalyst at elevated temperature of 1200 °C and
beyond; while there was no graphene formed without catalyst even at temperature as high
as 2500 °C.
Maldonado-Hódar et al. [18] first prepared aerogels from polymerization of
resorcinol with formaldehyde, then catalytic graphitization these aerogels with Cr-, Fe-,
Co-, and Ni metals at temperatures between 500 and 1800 °C. All carbon aerogel samples
obtained were characterized by mercury porosimetry, nitrogen adsorption, X-ray
diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), and
Raman spectroscopy. Characterization results showed that carbon aerogels were
macroporous materials that maintained large pore volumes even after pyrolysis at 1800
°C. Cr and Fe were the best catalysts for graphitization of carbon aerogels.
Demir et al. [16] produced graphitic porous carbon from lignin using a two-step
process: lignin was first hydrothermal carbonized at 300 °C and 1500 psi to produce
biochar, which was then graphitized using a metal nitrate (iron, cobalt, and manganese
nitrates) catalyst at 900–1100 °C in an inert gas at 15 psi. The product was analyzed for
morphology, thermal stability, surface properties, and electrical conductivity. Both
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temperature and catalyst type influenced the degree of graphitization. It was found that
cobalt and manganese were better graphitization catalysts than iron. The produced
material was free of lignin-functional groups, shows high electrical conductivity, had
both micro- and mesoporous structures, and was thermally stable.
Wang et al. [17] examined the catalytic graphitization mechanism of coal-based
carbon materials with light rare earth elements using X-ray diffraction, scanning electron
microscopy, energy-dispersive X-ray spectroscopy, selected-area electron diffraction, and
high-resolution transmission electron microscopy. There were two different types of
graphitization mechanism of light rare earth elements to catalyze the carbon materials:
dissolution–precipitation and carbide formation–decomposition. The dissolution–
precipitation leaving behind the rare-earth elements in a regular crystallite morphology
was directly observed by HRTEM. It was observed light rare earth elements exerted
significant influence on the microstructure and thermal conductivity of graphite.
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Table 3.6
Works

This work

Results and experimental conditions for the present and some previous
studies on graphitization of solid carbon resources
Catalysts

Raw carbon
resources

Metals

Loading/wt%

Cu, Ni, Mo, Fe

10, 20

Yokokawa, et al Cu, Ni, Co, Mn, Al, 5
Ag, Zn, Sn

Ishikawa et al, T. Fe, V, Ti, Li, Ag, Ba, 0.5-3
Ishikawa, S.
Au, Cu, Ca, Hg, Pb,
Yoshizawa
Cd, K, Zn, Al, Zr, Si,
Bi, Cr, W, Se, Mn,
J. Chem. Soc.
Co, Sn
Japan, Ind. Sect.,
66 (1963), p. 933
Weisweiler et al Ni, Co, Fe, Pt, Cr, B,
Ag, Mg, Zn, Cd, Ge,
Sn, Pd, Sb, Bi, Se,
Te, Pb, Si, Nb, Zr.

Ōya and Ōtani

Kraft lignin

glassy carbon

PF carbon

MaldonadoHódar, et al

Cr-, Fe-, Co-, and
Ni

Demir, et al

Mn, Co, Fe

Wang, et al

Ti, Fe, La, Ce, Pr

1

0–10

AtmosphereCharacterization

HTT/C

Heating
time /min

1000

60

Ar

XRD, SEM, HRTEM,
Raman

30

N2

XRD

Divinyl benzene 1400 -2300
polymer, furfural
alcohol or
furfural
Coke
2000-2500

B, Al, Si, Ca, Ti, V, 10
Cr, Mn, Fe, Co, Ni,
W, Ge, Mo, Mg,
Cu. Zn, Cd, Sn, Sb,
Pb, Bi
B, Ca, Al, Ti, V, Mn, 20
Mo, Cr, Fe, Co, Mg,
Si, Ge, Cu, Zn, Cd,
Sn, Sb, Pb, Bi.
Fe
1

Kakunuri, et al

Heat Treatment
Conditions

XRD

at temp.
5
higher than
melting
point of metal
by
100-200°
2600
30

Ar

EM

XRD, EM

3000

10

Resorcinol
formaldehyde

900-1800

60

Ar

resorcinol (R)
and
formaldehyde
Lignin

500 - 1800

240

Ar

900–1100

180

N2

3,5-DMPF carbon

petroleum coke, 1000 - 2800
coal-derived
pitch coke,
needle coke, and
natural graphite
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30-60

Raman spectroscopy,
XRD, SAXS and
HRTEM
XRD, HRTEM, and
Raman
XRD, XPS, FE-SEM,
FT-IR, BET
XRD, SEM, energydispersive X-ray
spectroscopy, SAED,
and HRTEM

3.4.2

Properties affecting the catalytic ability of metals
Several possible mechanisms have been proposed for conversion solid carbon

resources to graphite material over transition metals through high temperature treatment:
Dissolution – precipitation mechanism: the mixture of the solid carbon resources
and transitional metal is first thermal treated at high temperature. The solid carbon
precursors will decompose and carbonized to the disorder carbons like char.
simultaneously; metal precursors are reduced to metallic particles or react with carbon to
form metal carbides. The metal/carbide particles are uniformly distributed in the disorder
carbon matrix. Under the heating treatment temperature, the metal disorder carbons
around metal particles are tending to diffuse and dissolve into metal and/or metal carbide.
A saturated carbon solubility in metal particles is reached under after a certain period of
time and temperature. When the temperature decreasing, the metal saturated with the
disordered carbon, will be supersaturated with carbon. Subsequently, carbon reprecipitates in the form of graphite crystals to the free enthalpy difference between the
two forms of carbon, graphite is the highly ordered carbon with the lowest Gibbs free
energy while the disordered carbons having a higher activity.
Metal carbide formation-decomposition process: during the thermal treatment
process, metal can react with the solid carbon precursors to form metal carbides. With the
increasing of the heating treatment temperature, metal carbides can decompose to metal
and graphite.
M + C  MC (carbide)  M + Graphitizable carbonM + graphite
The dissolution-precipitation mechanism is controlled by the solubility of carbon
in the metal, while metal carbide formation-decomposition mechanism is affected by the
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formation of carbides and thermal stability of metal carbides. Considering the catalytic
graphitization mechanisms, several properties are identified to govern the catalytic
performance of metals, i.e., carbon solubility in metal, strength of metal-carbon bond (MC) to form metal carbide, carbide thermal stability and carbon content in carbides. The
properties can usually be obtained from the phase diagrams. Cu-C, Ni-C, Mo-C and Fe-C
binary phases are involved in current work. Figs. x are the metal-carbon binary phase
diagrams for Cu-C, Ni-C, Mo-C and Fe-C [21].

Figure 3.7

Binary phase diagram of Cu–C [21].
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Figure 3.8

Binary phase diagrams of Ni–C [21].

Figure 3.9

Binary phase diagrams of Mo–C [21].
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Figure 3.10

Binary phase diagrams of Fe–C [21].

Data on carbon solubility can be found from these binary phase diagrams. As far
as the data gathered by us were investigated, the relation between carbon solubility and
the catalytic ability of the metal was examined. The solubility of C in solid Cu is very
small, according to the newest assessment of the Cu–C equilibrium phase diagram [22]
the maximum solubility of carbon in copper is about 0.0078 wt% at 1084.87 C. Nickel
shows a significant carbon solubility, and in addition a high carbon diffusivity [21], the
maximum solubility of carbon in nickel is about 0.60wt% at 1326.5 C. Relative high
carbon solubility make carbon diffuse and dissolve onto the bulk of nickel particles
during a standard growth, this catalyst allows one to grow graphene layers an order of
magnitude faster than copper. Carbon is an interstitial impurity in Fe, it can form a solid
solution with α, γ, δ phases of iron. As liquid iron cools past its freezing point of 1538
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°C, it crystallizes into its δ allotrope, which has a body-centered cubic (bcc) crystal
structure which has relatively small interstitial positions, limit carbon atoms can be
dissolved in bcc -Fe, the maximum solubility of C is 0.09 wt % at 1493 °C. As iron
cools further to 1394 °C, it changes to the γ-iron allotrope, a face-centered cubic (fcc)
crystal structure (austenite), fcc structure has larger interstitial positions, so, significant of
carbon dissolved in fcc iron to form a solid solution, the maximum solubility of C in
austenite is 2.14 wt % at 1147 °C. At 912 °C and below, the iron crystal structure again
becomes the bcc α-iron allotrope (ferrite), much less carbon atom can exist in the bcc
structure, the maximum solubility of C in ferrite is sharply dropped to 0.022 wt% at 727
°C.
Table 3.7

Solubility of carbon in metals

Allotropes of metals Carbon
content
(wt%)
Cu
0-0.01
Ni
0-0.6
Mo
0-0.14
0 to 0.022
-Fe
Fe
-Fe

-Fe

Comments
1084.87 °C
0.6wt% at 1326.5 °C

Solid solution of C in BCC Fe
Stable form of iron at room temperature.
The maximum solubility of C is 0.022 wt%.
Transforms to FCC γ-austenite at 912 °C.
0 to 2.1 Solid solution of C in face centered cubic (FCC) Fe
The maximum solubility of C is 2.14 wt %.
Transforms to BCC δ-ferrite at 1395°C
Is not stable below the eutectic temperature (727 °C)
unless cooled rapidly
0 to 0.09 Solid solution of C in body-centered cubic (BCC) Fe
The same structure as α-ferrite
Stable only at high T, above 1394 °C
Melts at 1538 °C
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According to the carbide formation–decomposition mechanism, transitional metal
carbides play their role not only as the product but also as the intermediate during
catalytic graphitization of solid carbon resources. In accordance with this mechanism,
transitional metal carbides are the connection of graphite and the metal, they are not only
the products but also as the intermediates. During the thermal treatment process, metal
can react with the solid carbon precursors to form metal carbides, graphite then is formed
through the decomposition of the metal carbides.
From the phase diagrams of Cu, Ni, Mo and Fe (Figs.3.7-3.10), only Mo and Fe
can form the stable metal carbides of the four transitional metals (Cu, Ni, Mo and Fe)
studied in this work. Properties of iron and molybdenum carbides are listed in Table 3.8.

Table 3.8
Metal carbide
Martensite
Fe4C
Fe3C ()
Fe5C2 ( )
Fe7C3
Fe2C
-Mo2C
’ -Mo2C
”-Mo2C
-Mo2C
-Mo2C
MoC

Transitional metal carbides of Cu, Ni, Mo and Fe.
Carbon content (wt%)
<2.1
5.1
6.7
7.9
8.4
9.7
4.4-6.6
~5.7
~5.9
6.8-7.7
6.8-8.6
11

Melting Point
1560°C

2520°C (melts without decomposing)

Carbides could be both the products and the intermediates for the graphene
formation process. With increasing temperature, the carbide becomes unstable and then
decomposes into graphite and the metal. Three temperature zones were described for iron
102

carbide formation [23]: First, below 500 °C, the rate of iron carbide formation was higher
than the rate of its decomposition. In the temperature between 500 and 725 °C, the rate of
iron carbide formation was initially higher than that of its decomposition, but when the
iron carbide phase was starting to form, the ratio of corresponding rates changed and iron
carbide gradually transformed into iron. When the temperature was above 725 °C, the
rate of iron carbide decomposition was higher than that of its formation; the metallic iron
phase and graphite were stable. In current work, the heating treatment temperature is
1000°C, both iron and molybdenum carbides are formed as the products, they may also
contribute the formation of graphene around nanoparticles under this temperature.
In summary, it is reasonable to classify the reactivity the transition metals with
carbon into three groups: (i) Metals have very low carbon solubility; (ii) metals can
dissolve a significant carbon; (iii) metals may form strong chemical bonds with carbon to
result in the metal carbides. As a metal of category I, copper is observed less effective to
graphitize kraft lignin, it is apparently due to very small solubility of carbon, a failure to
form a carbide, so that none of the two mechanisms described are applicable for Cu. For
metals of category II (Ni, and Fe), the mechanism of dissolving the carbon and reprecipitating it as graphite crystals is reasonable. The solubility of carbon in these metals
is relative high. Both Mo and Fe can be classified as the category III elements. They can
directly react with carbon to form stable carbide. However, graphite is not formed
through the carbide formation-decomposition path since these carbides are much stable
under the reaction conditions. In the case of Mo, molybdenum carbide is first produced
by a direct reaction of the metal with carbonaceous species in lignin during thermal
treatment process, then the carbide will be saturated with carbon, and following by the
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formation of graphite re-precipitation. Similarly, iron carbide also can serve as the
catalyst for graphitization of lignin through the dissolution-precipitation mechanism.
From this point of view, stable metal carbides can be categorized as the category II
catalyst. For the carbides, the mechanism of solution and re-precipitation is applicable as
well.
3.4.3

Activity related to d-electron
Transition metals are an important class of catalysts and their electron structures

play the role in catalysis. The catalytic activity of the transition metals is a consequence
of their partly filled d and f electron structure. The electron configurations of Cu, Ni, Mo
and Fe used in current work are listed in Table 3.9. The catalytic activity of the transition
metals in any chemical process should be related with the number of vacancies in the d
shell of free atoms. Transition metals can be classified into three groups by the reactivity
with carbon: (i), Metals of the IB and IIB groups usually cannot react with carbon
because of a completed d-electron shell. Copper atom electron configuration is [Ar] 3d10
4s1, so copper has one s-orbital electron on top of a filled d-electron shell. The full filled
d-shells in copper contribute little to interatomic interactions, which are dominated by the
s-electrons through metallic bonds. Unlike metals with incomplete d-shells, copper is
lacking a capability to form a covalent bond, therefore, it has relatively low catalytic
activity. (ii), Both iron and nickel are in group VIII, their electron configurations are [Ar]
3d6 4s2 and [Ar] 3d8 4s2, respectively. Group VIII metals have a d shell occupied by 6-10
electrons. The energy level of such configurations is hardly changed by accepting
additional electrons from carbon. Therefore, these metals can react with carbon to form
covalent bond and dissolve carbon. (iii), Molybdenum is in group VIB. [Kr] 4d5 5s1.
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Group IVB metals have 5 electrons in the d shell. They form strong chemical bonds with
carbon to result in the metal carbide.
Table 3.9
Elements
Cu
Fe
Ni
Mo

Electron configuration of Cu, Ni, Mo and Fe
Group
IB
VIIIB
VIIIB
VIB

Electron configuration
[Ar] 3d104s1
[Ar] 3d64s2
[Ar] 3d8 4s2
[Kr] 4d55s1

TPD-MS results (Fig. 3.2) shows significant of carbonaceous gases (CO, CH4,
CO2, etc.) are formed during catalytic thermal treatment process. Carbon in gas phase can
also be transferred into transitional metals through gas-solid heterogeneous process by
the following reactions:
CO + H2 = H2O + C (dissolved)

(1)

2 CO = CO2 + C (dissolved)

(2)

CH4 = 2 H2 + C (dissolved)

(3)

Surface chemical absorption, dissociation, recombination and desorption are the
most important steps over active sites in heterogeneous catalysis process. The specific
nature of the electron structure of the transition metals is play the dominant role in these
stages. For example, the decomposition of methane consists of breaking of C-H covalent
bonds. This breaking may occur in the presence of electron acceptors or substances which
stimulate strong electron exchange.
Copper has configuration of 3d104s1, its d-shells are filled, so, copper catalysts has
a low activity for methane dissociation. For molybdenum atom, it is characterized by the
outer shell 4d55s1 configuration, which is the lowest weight of the dn configurations.
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Therefore, the catalytic activity of molybdenum is low for dissociative chemisorption
methane. If we consider nickel, an atom of each has the 3d8 4s2 configuration in the free
state, we may postulate that its high statistical weight of the intermediate configurations
is also manifested in the high value of the electronic specific heat of this metal. The
presence of configurations of the type found in nickel, which have the tendency to attract
or give up electrons to form stable states, is responsible for the high catalytic activity. An
even higher activity in the dissociation of methane is exhibited by iron which has a lower
statistical weight of the intermediate configurations than that found in nickel. The highest
activity of iron supports the hypothesis of the participation of iron carbide, which is
undoubtedly formed in the catalytic process.
From the d-electron configuration, the catalytic performance for the studied four
transitional metals has an order of Fe>Ni>MoCu, this is agreeing with the results of
current work on catalytic graphitization kraft lignin.

3.4.4

Metal affecting the product selectivity
Table 3.10 lists the properties related to graphene formation over these four

transitional metals. These transition metals have different dissolving capacity for carbon
atoms as well as the different reactivity with carbon atoms to form metal carbides. Fe has
high dissolving capacity for carbon atoms. Carbon atoms could be easily dissolved into
iron and then precipitated onto the iron surface to form multi-layer graphene, while Ni
and Mo have relative low carbon solubility comparing to Fe. On the other hand, Cu has
such a poor dissolving capacity for carbon atoms that the carbon atoms could only move
onto the its surface and form single or few-layer graphene [24]. The carbide formation106

decomposition mechanism is supposed to play an important factor for the Fe and Mopromoted kraft lignin sample. CO and CH4 are usually observed as the main gaseous
species during catalytic carbonization/graphitization process, and they may re-deposit
over metal surface to form nano structured carbons, Ni, and Fe have demonstrated high
chemical vapor deposition (CVD) activity to produce nano carbons.

Table 3.10

The properties of Cu, Ni, Mo and Fe metals.

Metals
Cu
Ni
Mo
Significant carbon solubility
+
++

Formation Stable Carbide
+++


Chemical Vapor Deposition
+
+++
x
(CVD) activity
x: No or very poor level; +: low level; ++: medium level; +++: high level
3.5

Fe
+++
+++
+++

Conclusions
Catalytic graphitization of kraft lignin to nano-materials were investigated over

four transitional metal catalysts (Ni, Cu, Fe and Mo) through a thermal treatment process
under an argon flow at 1000 C. It is found that the yields of the solid carbon residues
from kraft lignin with different transitional metals are 31.3 % for iron, 31.5 % for nickel,
34.0 % for copper and 30.1 % for molybdenum, respectively. Thermal decomposition of
Cu-lignin under argon atmosphere produces 19.2 % liquid products, the highest
compared to 18.0 %, 17.8 % and 17.3 % of Fe-, Mo-, and Ni-lignin, respectively. The
results demonstrate that decomposition of Mo-lignin under argon give gaseous phase
yield of 52.6 %, the highest compared to 51.2 %, 50.7 % and 46.8 % of Ni-, Fe-, and Culignin, respectively. BET surface areas of samples obtained from different metal
precursors are in the range of 88-115 m2/g within the order of Ni- > Fe- > Mo- > Cu-.
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Thermal gravimetric analysis (TGA), and temperature-programmed decomposition
(TPD) experimental results show that adding transitional metals can promote the
decomposition and carbonization of kraft lignin. The catalytic activity is increasing with
an order of MoCu<NiFe. XRD results show face centered cubic (fcc) Cu crystals is
formed in the thermal treated Cu-lignin sample, fcc nickel phase for the Ni-lignin sample,
β-Mo2C hexagonal phase for the Mo-lignin sample and -Fe, -iron, and
cementite(Fe3C) for the Fe-lignin sample. Average particle sizes of these crystal phases
calculated using the Scherrer formula are 52.4 nm, 56.2 nm, 21.0 nm, 23.3 nm, 11.3 nm,
and 32.8 nm for Ni, Cu, β-Mo2C, -Fe, -iron, and Fe3C, respectively. Raman results
prove that the graphitization activity of these four metals is in the order of
Cu<Mo<Ni<Fe. Scanning electron microscopy (SEM), and high resolution transmission
electron microscopy (HRTEM) show that multi-layer graphene-encapsulated metal
nanoparticles are the main products beside some graphene sheets/flakes from kraft lignin
catalyzed by transitional metals. The particle sizes, and graphene shell layers are
significantly affected by the promoted metals. The metal properties like catalytic activity,
carbon solubility, and tendency of metal carbide formation are related to the graphenebased structure formation during catalytic graphitization of kraft lignin process.
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CHAPTER IV
EFFECTS OF IRON PRECURSORS ON CATALYITC THERMAL
CARBONIZATION OF KRAFT LIGNIN TO CARBON-BASED
NANO MATERIALS
4.1

Introduction
In Chapter III, four transitional metal catalysts (Ni, Cu, Fe and Mo) have been

investigated for catalytic graphitization of kraft lignin to graphene materials. Iron
demonstrates high activity to catalytic conversion kraft lignin to carbon-based
nanomaterials. A major issue in catalytic graphitization of solid carbon resources
including lignin is the contact degree between the raw carbon materials and the catalyst
[1]. When the catalyst is simply mixed with lignin, the degree of catalyst-lignin contact is
generally poor [2].
Transitional metal catalysts are very active for graphitization solid carbon
materials [3], the catalytic activity of a compound is sometimes different from the activity
of the principal metal or other compounds containing the same metal. The activity of a
metal is varied with following parameters: (i) the active oxidation state; (ii) the active
specific area, i.e., the dispersion of the metal and (iii) metal catalyst can be deactivated by
poisoning species like sulphur, halides and other residual impurities. On the other hand,
the starting metal precursors can play a significant role in the catalytic performance [4].
The substitution of metal precursors leads the formation of different phases with different
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particle sizes, and influences the surface atomic composition of the catalysts. Therefore,
the investigation the effect of iron salt precursors on catalytic graphitization of kraft
lignin is much desirable to find the best method to prepare efficient catalysts.
Metal salt precursors instead of metal powder are assumed to be easily distributed
over the surface of the lignin since metal salts can usually be dissolved in different
solvents and formed uniform solutions because of the relative low melting points of these
salts. The initial distribution of the salt mixtures in the lignin should be homogeneous so
that the catalysts can penetrate the lignin matrix under the catalytic thermal conditions,
and thus iron ions are anchored at the reacting carbon sites. This can be achieved only
when a proper method is employed to high catalyst dispersion over lignin. Generally,
catalyst-solid biomass precursors are prepared by the impregnation method: a solution of
metal salt, typically a dry biomass material is added to the metal salt solution. After being
mixed, the metal solution is absorbed by the capillary forces inside the pores of the solid
biomass material. Metal ions will further diffuse into biomass matrix and be anchored in
biomass matrix through bonding to oxygen-containing groups in biomass. Lignin is a 3D complex organic polymers with huge molecular, and kraft lignin has a relative high
hydrophobicity, iron salt aqueous solution is repelled from kraft lignin molecules. It is
very difficult for iron ions in an aqueous solution to penetrate lignin particle. A poor
contact degree of Fe-kraft lignin precursor are obtained through an impregnation method.
To uniformly blend iron salt and kraft lignin, iron-kraft lignin precursors are prepared
through a ‘co-precipitation’ technique, i.e., both kraft lignin and iron salt are first predissolved in a solvent. Iron salts are dissolved in de-ionized (DI) water, while kraft lignin
is dissolved in tetrahydrofuran (THF) in this work. Both solutions are then carefully
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mixed, iron salt and lignin will precipitate as a solid from the liquid. The iron-lignin
precursors will be achieved after vaporizing the solvents.
The effects of the iron metal precursors on catalytic carbonization of kraft lignin
have been studied in this work. Four iron precursors have been used, i.e., iron nitrate (FeN), iron (II) chloride (Fe-Cl2), iron (III) chloride (Fe-Cl3), and iron oxide (Fe-O). This
work emphasizes on the effect of iron precursors containing different anions like NO3−,
and Cl− on the catalytic activity of iron.
4.2
4.2.1

Experimental
Precursor preparation
Four iron salt precursors were used: iron (III) nitrate, iron (II) chloride, iron(III)

chloride and iron oxide nanoparticles, they were all analytical grade, purchased from
Sigma-Aldrich, Inc. Part of physical-chemical properties of iron precursors were listed in
Table 4.1.
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Table 4.1
Iron
resources
FeCl3
Ferric
chloride

FeCl2
ferrous
chloride

Fe(NO3)3
Iron(III)
nitrate
Fe2O3

Part of properties of iron precursors [5].
Solubility in water Stability
74.4 g/100 mL (0
°C)
92 g/100 mL
(hexahydrate, 20
°C)

Melting point: 306 °C
Boiling point: 315 °C
Ferric chloride decomposes to ferrous chloride at high
temperatures. 315 °C (599 °F; 588 K) (anhydrous,
decomposes)
280 °C (536 °F; 553 K) (hexahydrate, decomposes) partial
decomposition to FeCl2 + Cl2
Iron(III) chloride react with water to produce iron(III)
oxide and hydrogen chloride. This reaction takes place at
a temperature of 350-500°C.
2FeCl3 + 3H2O → Fe2O3 + 6HCl
64.4 g/100 mL (10 Melting Point: 677°C
°C),
Boiling point: 1023 °C
68.5 g/100mL (20 Thermal decomposition or combustion may liberate
°C),
corrosive gases or fumes. Hydrogen chloride
105.7 g/100 mL gas. Chlorine. Ferric oxide and ferrous oxide fumes.
(100 °C)
150 g/100 mL
Melting Point: 47.2 °C
(hexahydrate)
Boiling point: 125 °C
120 °C - 140 °C. Thus, the decomposition of hexahydrate
of iron nitrate may be described by the equation:
4[Fe(NO3)3⋅6H2O] =2Fe2O3+12HNO3+18H2O
-

The iron-lignin precursors were prepared by a co-precipitation technique at room
temperature. The iron-to-lignin mass ratio was kept constant (10/90). 300 grams of kraft
lignin was first added to 300 mL tetrahydrofuran in a 2000-mL glass beaker, stirred for 2
hours; 246.0 grams of Iron(III) nitrate nonahydrate was added to 100 mL DI water in a
500-mL glass beaker, stirring until it was dissolved completely, followed by adding the
iron nitrate solution drop-like (~ 2 mL/min) to kraft lignin solution and stirring for 2
hours. The mixture was kept at room temperature for 24 h, and then transferred to an
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oven where it was dried at 110 °C for one day. The same method was followed to prepare
samples from iron(II) chloride, Iron(III) chloride.
300 grams of kraft lignin was mixed with 48.3 grams iron oxide nanoparticles.
The mixture was grounded in a ball mill machine (Planetary Ball Mill) with 1000 rpm for
2 hours.
4.2.2

Thermal treatment of iron-lignin samples
Fifteen grams (15g) of the metal-promoted kraft lignin samples were each packed

in the middle of a 1-inch OD ceramic tubular reactor. The carrier gas – argon (99.9%
purity) was first introduced into the reactor at a flow rate of 50 mL/min for 30 minutes.
The reactor was heated temperature-programmed with a rate of 10°C /min to 1000 °C and
kept at 1000 °C for 1 hour. The furnace was cooled down by 10°C /min to room
temperature.
4.2.3

Thermogravimetric analysis (TGA) experiments
Thermogravimetric analysis of the samples was carried out in a TGA (Shimadzu

TGA-50H) through isothermal analyses. For each run, about 10 mg of sample was
loaded, argon (99.99% purity, 50 ml/min) was flown through the TGA at 50 mL/min as
the temperature was ramped at 10°C/min. Each sample was repeated for at least three
times.
4.2.4

Temperature-programmed decomposition (TPD) experiments
TPD experiments were carried out using an Autochem 2920 system, volatile

species from the TPD process were measured by an on-line mass spectrometer.
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4.2.5

Characterization
X-ray powder diffraction (XRD) patterns of the samples were obtained using a

Rigaku Ultima III X-ray Diffraction System operated at 40 kV and 44 mA using Cu-Kα
radiation with a wavelength of 1 5406 Å, from 15° to 80° at a scan rate of 0 02 °s−1. The
Jade powder diffraction analysis software from Materials Data, Inc was used for both
qualitative and quantitative analysis of polycrystalline powder materials. The mean
particle size, L was calculated for the most intense diffraction peaks of α-Fe, γ-Fe and
Fe3C using the Scherrer formula [6]:
The surface area of the solid samples has been determined by N2
adsorption−desorption (Quantachrome, Autosorb-1). The surface area was obtained using
the BET method. Prior to measurements, the samples were degassed at 300 °C for 3
hours. The morphology of the samples was investigated with a Scanned Electron
Microscope (SEM). All samples were pre-coated with 10 nm Pt before being introduced
into the vacuum chamber. The system was operated with accelerating voltage of 10 kV.
The sample particle sizes were examined with a JEOL JEM-100CX II Transmission
Electron Microscope (TEM) operated at accelerating voltage of 200 kV. All samples
were sonicated in ethanol solution for 1 minutes before transferred to copper grids.
4.3
4.3.1

Result and discussion
Thermal Analysis
Both TG and DT) curves of the four Fe-lignin samples, were shown in Fig. 4.1.

Differences were found among the thermal decomposition behaviors of the four samples.
Fig. 4.1a showed that the solid residue of iron-promoted lignin decomposition with
different iron precursors were 52.6% for FeCl3, 50.9% for FeCl2, 42.1% for Fe2O3 and
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36.6 for Fe(NO3)3. The solid residue reduced with the order of FeCl3 > FeCl2 > Fe2O3 >
Fe(NO3)3, this indicated the catalytic graphitization activity was in the order of FeCl3 <
FeCl2 < Fe2O3 < Fe(NO3)3.
The thermal decomposition process was subdivided into four stages based on the
DTG profile (Fig. 4.1b). The first stage was characterized by a mass loss for evaporation
of surface moisture and dehydration of combined moisture of the samples. The second
stage of mass loss corresponded to the de-polymerization of kraft lignin and the
decomposition of iron species. All the oxygen-containing groups in the alkyl side chain
of the lignin basic units were catalytic decomposed, the mass decreased rapidly because
of the breakage of large amounts of ether bonds and C-C bonds connected on the phenyl
propane units, and then a lot of small-molecule gases and macromolecular condensable
volatiles were generated. In this stage, the maximum rate of weight loss occurred at
323C, 300C, 374C and 237 C for FeCl2, FeCl3, Fe2O3 and Fe(NO3)3 samples,
respectively. These mass loss peak temperatures were significantly lower than that of
raw kraft lignin which had a peak temperature of 427C (See Chapter II). The third mass
loss corresponded to the decomposition of kraft lignin char from the second stage. These
results indicated that functional groups continued to decompose in this temperature zone,
which lead to the aromatization of the char matrix. The last mass loss stage was
characterized with a further carbonization and graphitization process of the char residues
in a wide temperature up to 1000 oC. In this zone, mass loss was mainly attributed to the
decomposition of phenols, quinine, ether and C-H groups, which gives out CO and H2 as
the main products.
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Figure 4.1

4.3.2

TG (a) and DTG (b) curves of the kraft lignin samples promoted with
different iron precursors. (FeCl2, FeCl3, Fe2O3 nanoparticle, and Fe(NO3)3.)
heated at a rate of 10 °C/min in argon atmosphere

Vent gases during catalytic thermal process
Lignins are cross-linked macromolecules and mostly formed via free radical

coupling of three basic hydroxyphenylpropanoid monolignols: coumaryl alcohol,
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coniferyl alcohol and sinapyl alcohol (Fig. 4.2). With the aid of catalysts, oxidative
agents, or thermal treatment, lignin will be broken down at positions 1, 4, 5 and .

Figure 4.2

The three common monolignols: paracoumaryl alcohol (1), coniferyl
alcohol (2) and sinapyl alcohol (3) [7].

A lot of incondensable gases or volatile products were release during lignin
thermal decomposition process, gas phase mainly contained H2, CO2, CO, CH4, C2H6,
C2H4, H2S, trace amounts of gaseous organics (CH3OH, C6H6OH) and water vapor. Figs.
4.3-4.11 showed the trends of gaseous species during temperature-programmed
decomposition of the kraft lignin promoted with different iron precursors.
For the kraft lignin sample without iron catalyst, H2 began to appear from 520 °C
and reached the maximum at 726 °C during thermal decomposition process under an
argon flow (Fig. 4.3). For Fe-N, the releasing of H2 started from 466°C, it got the
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maximum at ∼709 °C, H2 released from Fe-O sample at 466°C with a maximum at 760
°C, Fe-Cl3 sample, began to release from 493°C with a maximum at 810 °C, Fe-Cl2
sample, began to release from 537°C with a maximum at 840 °C. More hydrogen was
supposed to be produced from the samples with iron catalysts, and the evolution
temperatures supposed to lower than that of raw kraft lignin sample, however the
evolution peaks were weaker and flatter, and the hydrogen peaks for Fe2O3, FeCl3 and
FeCl2 shifted to higher temperature. This was caused by the reverse water-gas shift
reaction (RWGSR) (CO2(g)+H2(g) = CO (g)+H2O(g)). Part of hydrogen from the thermal
cracking reaction was consumed through RWGSR since more CO2 was generated from
the samples with iron catalysts and iron is very active for the RWGSR under the process
conditions (Fig. 4.6). From H2 evolution trends, the catalytic activity of iron catalysts
from different precursors were with the following order: Fe-N > Fe-O > Fe-Cl3 > Fe-Cl2.
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Figure 4.3

Evolution of hydrogen from kraft lignin and iron-based catalyst promoted
kraft lignin samples.

Methane was released from decomposition of kraft lignin between 200 and 1000
°C under an argon atmosphere (Fig.4.4). Methane released below 500 °C was mainly
caused by the fragmentation of the side chains. Demethylation of the aromatic methoxy
groups (–O–CH3) also contribute to methane formation in the low temperature range.
Methane formation at the temperature above 500 °C was attributed to the breaking of
aromatic ring skeletons. Methane was observed in two temperature zones for the Fe-N
lignin sample, the relative small and sharp peak at 250 °C and a wide and strong methane
peak above 400 °C. Low temperature methane evolution peak shifted to lower
temperatures compared to that of raw kraft lignin, i.e., the first peak from 455 °C to 240
°C, and the high temperature methane evolution peak area was increased significantly.
This might be due to the promotion effect of iron on lignin decomposition. Formation of
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methane significantly increased above 400 °C for the Fe-N samples, possibly due to iron
components catalytic cracking aromatic ring skeletons in kraft lignin. Methane evolution
profiles of Fe2O3, FeCl2 and FeCl3 samples were similar to that of raw lignin, but the low
temperature methane evolution peak of FeCl2 and FeCl3 samples was shifted to lower
temperatures, the first peak from 455 °C to 250 °C for FeCl3, and 455 °C to 350 °C for
FeCl2 sample, it was attributed to the catalytic decomposition activity of iron ions (Fe3+
and Fe2+) to methoxy groups (–O–CH3). No significant difference is observed for the
Fe2O3 sample.

Figure 4.4

Evolution of methane from kraft lignin and iron-based catalyst promoted
kraft lignin samples.

Two CO evolution peaks were observed for the raw kraft lignin under argon
atmosphere: the low temperature CO evolution peak was around 418 °C, mainly
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contributed to decomposition of carboxyl (C=O) groups, and the high temperature CO
peak was attributed to the cracking of carbonyl (C–O–C) and centered at 770 °C.
CO formation was observed in three temperature zones for the Fe-N lignin
sample, the sharp peak centered at 237 °C, a wide flat peak at 640 °C and a strong CO
evolution peak at 900 °C (Fig.4.5). The evolution of CO at 237 °C was contributed to the
decarbonylation reaction of the C3 side-chain of lignin, which was catalytic decomposed
at the low temperature by Fe3+. CO peak at 640 °C was attributed to the cracking of
carbonyl (C–O–C), while the high temperature CO peak at 900 °C was most likely
attributed to the secondary pyrolysis (thermal cracking of char residue of the kraft lignin).
The CO evolution profiles of Fe2O3, FeCl2 and FeCl3 samples were like that of raw
lignin, but the low temperature CO evolution peak of FeCl3 sample was shifted to lower
temperatures, it was attributed to the catalytic activity of iron ions (Fe3+) to the
decarbonylation reaction. No significant difference is observed for the Fe2O3 and the
FeCl2 samples.
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Figure 4.5

Evolution of carbon monoxide from kraft lignin and iron-based catalyst
promoted kraft lignin samples.

CO2 was released through the decomposition of carboxyl (decarbonylation) and
ester groups during lignin decomposition process. Two significant peaks were presented
for kraft lignin decomposition under an argon atmosphere (Fig. 4.6). Carboxyl (-COO- 
CO2) were proposed to be predominantly responsible for the low-temperature peak
(407 °C). The high-temperature (642 °C) CO2 evolution was assigned to ester groups
under an inert atmosphere.
Like the formation of CO, CO2 was observed in three temperature zones for the
Fe-N lignin sample: a sharp peak centered at 237 °C, a wide strong peak at 630 °C and a
weak flat evolution peak at 870 °C. The formation of CO2 at 237 °C was contributed
through decarbonylation of the carboxyl (-COO-) and COOH groups in lignin which was
catalytic decomposed by Fe3+ at lower temperature. CO2 peak at 630 °C was attributed to
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the cracking of ester groups, while the high temperature CO2 peak at 900 °C was
assigned to the secondary pyrolysis (thermal cracking of char residue of the kraft lignin).
The CO2 evolution profiles of Fe2O3, FeCl2 and FeCl3 samples were similar to that of raw
lignin, but the CO2 evolution peak of FeCl3 sample was shifted to lower temperatures,
this was due to the catalytic activity of iron ions (Fe3+) to the decarbonylation reaction.
No significant difference was observed for the Fe2O3 and the FeCl2 samples.

Figure 4.6

Evolution of carbon dioxide from kraft lignin and iron-based catalyst
promoted kraft lignin samples.

The formation of phenols starts with dehydration of –OH groups in the alkyl side
chain of the lignin basic units, followed by the cleavage of ether bonds between these
units. The profile of phenols from decomposition of kraft lignin under argon showed a
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phenol peak at 473 °C. Phenol formation peaks shifted to low temperature for the Fekraft lignin samples.

Figure 4.7

Evolution of phenol from kraft lignin and iron-based catalyst promoted
kraft lignin samples.

The production of typical aromatic compound  benzene from thermal
decomposition of kraft lignin sample was plotted in Figure 4.7. As the profile showed,
the evolution of benzene from kraft lignin decomposition under an inert atmosphere was
detected over a wide temperature range of 528–938 °C, with a peak temperature at about
697 °C. The formation of benzene for the Fe-N sample was detected over two
temperature zone: a weak flat peak in the temperature range of 220–380 °C, and a strong
wide peak of 510–1000 °C centered at 778°C; benzene was observed to generated at a
steady increasing level for the Fe-O sample when the heating temperature was above
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510 °C. The evolution of benzene for the Fe-Cl3 sample was detected over 520 °C with a
wide flat peak in the temperature range of 520–1000 °C. Benzene was only observed to
release at the temperature above 720 °C for the Fe-Cl2 sample.

Figure 4.8

Evolution of benzene from kraft lignin and iron-based catalyst promoted
kraft lignin samples.

The production of methanol for the raw kraft lignin under an argon flow was
detected over a temperature range of 351–695 °C with a peak temperature at 494 °C (Fig.
4.9). The evolution profiles of methanol for the Fe-lignin samples were significant
different with that of the raw kraft lignin in intensity and temperature range. Methanol
evolution peaks of the Fe-lignin samples were all shifted to low temperature and with
much weak intensity. This could be due to the catalytic activity of iron to the
decomposition of aromatic methoxy groups (CH3O-) and aliphatic –CH2OH group in
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lignin, light hydrocarbons (mainly methane) was the preferred products other than
methanol for the iron promoted samples (Figure 4.9).

Figure 4.9

Evolution of methanol from kraft lignin and iron-based catalyst promoted
kraft lignin samples.

When lignin is de-polymerized, sulfur can be present in many components of the
gas phase, such as dimethylsulfide, carbonyl sulfide, and hydrogen sulfide (H2S). The
H2S evolution was monitored during decomposition of kraft lignin samples under an
argon atmosphere (Figure 4.10). H2S was observed to form in the temperature range of
210 to 646 °C, with a maximum at 341 °C. H2S formation profiles for the Fe-lignin
samples were different with that of the raw kraft lignin in intensity and temperature
range. The H2S evolution peaks were all in low intensity for the Fe-lignin samples. No
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H2S was detected for the Fe-N sample, H2S peak shifted to a high temperature zone of
350-646 °C for the Fe-O with a peak temperature at 460 °C. H2S was released as a flat
peak between 308 °C and 690 °C for the Fe-Cl3 sample, while a wide flat H2S evolution
peak in a temperature range of 268-880 °C was observed for Fe-Cl2 sample. Sulfur
content in kraft lignin samples seemed to be combined completely (Fe-N) or partially
(Fe-O, Fe-Cl3 and Fe-Cl2) with iron additives during the decomposition process.

Figure 4.10

Evolution of hydrogen sulfide from kraft lignin and iron-based catalyst
promoted kraft lignin samples.

HCl was observed to release as a volatile from FeCl3 and FeCl2 promoted kraft
lignin sample. There were two HCl formation zones for both samples: for the Fe-Cl3
sample, the low temperature HCl evolution peak was between 205 and 597 °C and
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centered at 256.6 °C. The thermal decomposition of hexahydrate iron(III) chloride to
produce iron(III) oxide, hydrogen chloride and water. These reactions occurred at a
temperature of over 250 °C.
FeCl3 + H2O  FeOCl + 2HCl
2 FeCl3 + 3H2O  Fe2O3+6HCl
At the high temperature, HCl began to be freed from the sample at 623.3 °C, this
was due to the desorption of surface Cl atoms with the associate of hydrogen atoms: H· +
Cl·  HCl.
For the Fe-Cl2 sample, HCl was formed at higher temperature comparing to the
Fe-Cl3 sample, the HCl peak attributing to the hydrolysis of FeCl2 was centered at 333 °C
with a temperature range of 249-793 °C:
FeCl2 + H2O  FeO + 2HCl
The high HCl formation temperature started at 798.8 °C. HCl formation peaks at
high temperature were contributed by the desorption of the surface chlorine with the
assistance of hydrogen atoms.
H· + Cl·  HCl
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Figure 4.11

4.3.3

Evolution of hydrogen chloride gas from kraft lignin and iron-based
catalyst promoted kraft lignin samples.

Effect of iron resources on the yield of nano materials from kraft lignin
Fe-lignin precursors were prepared using four different precursors, iron nitrate

(Fe-N), iron (II) chloride (Fe-Cl2), iron (III) chloride (Fe-Cl3), and iron oxide (Fe-O), to
investigate the effect of metal precursor on the catalytic performance in graphitization of
kraft lignin.
Three phases were produced during the catalytic thermal treatment of the Fe-kraft
lignin samples under an argon atmosphere: gas, liquid (tars, condensable vapors, etc.),
and solid (carbon and metal). Table 4.2 showed the yields of solid carbon, liquid and gas
after the catalytic thermal treatment. The yields of the solid carbon residues from kraft
lignin with different iron resources were 31.3 % for Fe-N, 33.2 % for Fe-O, 35.3 % for
Fe-Cl2 and 35.0 % for Fe-Cl3, respectively. It was found that the solid product difference
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depending upon the identity of iron precursors. After thermal treatment at 1000 C, the
Fe-Cl2 and Fe-Cl3 samples showed lower conversion rates than the Fe-N sample.

Table 4.2

Effects of iron resources on product distribution of catalytic decomposition
of kraft lignin at the temperature of 1000 °C for 1 hour.

Fe-Kraft lignin Sample
Fe-O
Fe-Cl3
Fe-Cl2
Fe-N

4.3.4

Solid carbon (wt%)
33.2
35.0
35.3
31.3

Liquid (wt%)
20.5
20.2
19.7
18

Gas (wt%)
46.3
44.8
45
50.7

Effect of iron resources on solid product specific surface area
BET surface areas (Table 4.3) of samples obtained from different iron precursors

were in the range of 55-108 m2/g within the order of Fe-N > Fe-O > Fe-Cl3 > Fe-Cl2. It
was noted that the product sample prepared from iron nitrate had higher surface area than
the other samples.
Table 4.3
Sample
Fe-N
Fe-Cl2
Fe-Cl3
Fe-O

Surface area (Sg) of carbon-based nano materials from kraft lignin
promoted with different catalyst.
Sg (m2 g−1)
108
55
60
87
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4.3.5
4.3.5.1

Characterization
XRD
To study the influence of iron precursors on the properties of synthesized

samples, XRD analyses were performed. Figure 4.12 showed the XRD patterns of Fe-N,
Fe-O, Fe-Cl2 and Fe-Cl3 samples. The symbols of *, x, and o in Figure 4.12 represented
the characteristic diffraction peaks of metallic α-Fe (JCPDS, No. 87-0722), -Fe (JCPDS,
No. 89-3939), and Fe3C (JCPDS, No. 89-2867), respectively. The diffraction peaks at ca.
26.5° observed for the samples were attributed to the (002) plane of graphitic carbon.
Both the Fe-Cl2 and Fe-Cl3 samples exhibited sharp and narrow peaks for metallic iron
(mainly α-Fe and -Fe), the Fe-O sample showed both metallic iron peaks (α-Fe and -Fe)
and small and broad peaks for iron carbide (Fe3C), while the Fe-N sample showed weak
and broad peaks for metallic iron (mainly -Fe) and iron carbide(Fe3C), indicating the
presence of smaller Fe particles in the Fe-N, compared to the Fe-Cl2 and Fe-Cl3. The
observed short-broaden diffraction peaks of the Fe-N sample suggested the good
dispersion of the iron species in the product.
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Figure 4.12

XRD patterns of Fe-Lignin sample prepared using iron nitrate (a), iron
oxide (b), iron chloride (III) (c) and iron chloride (II) (d) precursors.

The diffraction peaks became sharper with the order of Fe-N, Fe-O, Fe-Cl2 and
Fe-Cl3, implying a growth in the crystallite size of metallic irons or iron carbide (Fe3C).
Generally, an average crystallite size, d, can be estimated with the Shcherrer equation.
The mean particle size, L was calculated for the most intense diffraction peaks of α-Fe, γFe and Fe3C using the Scherrer formula:
L

0.9
(BM  BS2 )  cos 
2

The results are shown in Table 4.4.
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Table 4.4

Particle size of different iron catalyst

Fe salts

Phases
-Fe
-Fe
-Fe
-Fe
-Fe
-Fe
Fe3C
-Fe
-Fe
Fe3C

FeCl2
FeCl3
Fe2O3

Fe(NO3)3

4.3.5.2

Particle size (nm)
16
178.3
32.4
41.3
23.8
67.4
31.7
11.3
23.3
32.8

Raman
The Raman spectra of thermal treated iron-lignin with different iron resources at

1000C are shown in Fig. 4.13, both displaying a characteristic graphite G-band at 1580
cm−1, the D-band at 1350 cm−1 and a 2D-band at 2710 cm−1. The intensity ratio of the
D to the G band was higher for Fe-Cl2 (1.56) and Fe-Cl3 (1.57) catalysis compared to
that of Fe-O (1.45) and Fe-N (1.29) catalysis, which suggested that graphene materials
from Fe-Cl2 and Fe-Cl3 catalysis had higher structure disorder and the Fe-N sample had
a higher graphitic degree.
The intensity ratio of the D+G to the 2D band was higher for Fe-Cl2 (0.54) and
Fe-Cl3 (0.60) catalysis compared to that of Fe-O (0.50) and Fe-N (0.40) catalysis, which
suggested that graphene materials from FeCl2 and FeCl3 catalysis contains more
structure defects and curvatures. The average graphene material crystal diameter was
higher for Fe-N catalysis (14.87 nm) compared to that of Fe-O (13.29 nm), Fe-Cl2 (12.35
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nm), and Fe-Cl3 (12.21) catalysis. In summary, Fe-N had the highest catalytic
graphitization activity, followed by Fe-O, Fe-Cl2 and Fe-Cl3.

Figure 4.13

Raman spectra for different iron catalyst

The Raman spectra were fitted by Lorentz function to obtain values of ID, IG, ID+G
and I2D, respectively. Table 4.5 list the calculation results of ID/IG, ID+G/I2D, and La.
Table 4.5
Catalysts
FeN
FeO
FeCl2
FeCl3

Fitting results of different iron catalyst
ID/IG
1.29
1.45
1.56
1.57

(ID+IG)/2D
0.40
0.50
0.60
0.54
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La (nm)
14.87
13.29
12.35
12.21

4.3.5.3

SEM
SEM were performed to study the morphologies of catalytic thermal treated

samples. It was found that there was significant change in morphologies observed upon
different iron precursors employed. A typical FESEM images of Fe–N, Fe-O, Fe-Cl2 and
Fe-Cl3 samples at different magnification were shown in Fig. 4.14.
The morphologies of the Fe-Cl2, Fe-Cl3 and Fe-O samples were different with
the Fe-N sample. The Fe-Cl2, Fe-Cl3 and Fe-O samples were composed of large pieces
of solid grains. At low magnification, the surface of the Fe-Cl2, FeCl3 and Fe-O samples
were smooth and clean, some gas channels (holes) were observed over the sample. At
high magnification, a layer of fine particle structures was observed over the surface of
these samples. The morphologies of the Fe-Cl2, Fe-Cl3 and Fe-O samples looked more
like the lignin sample thermal treated at 1000 C without any catalyst.
The SEM images of the Fe-N sample demonstrated a very fine powder structure.
The Fe-N sample was composed of small particles at low magnification. At high
magnification, it was observed that the sample is composed of nanoparticles. Spherically
shaped particles with a uniform particle size were observed for the product. These
particles had sizes between 5 to 10 nm. XRD result proved these nanoparticles were
composed of -Fe, iron carbide and graphene.
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Figure 4.14

4.3.5.4

Scanning electron microscope images of different iron precursor (iron (II)
chloride, iron (III) chloride, iron oxide nanoparticles and iron nitrate)
promoted kraft lignin after thermal-treated at 1000 oC for 1 hour under an
argon flow.

High resolution transmission electron microscopy (HRTEM)
The morphology and structure of the samples were characterized using HRTEM.

Figure 4.15 displayed TEM images of the catalytic thermal treated kraft lignin samples
from various iron precursors. Small and uniformly distributed iron particles were clearly
seen in the Fe-N sample. HRTEM images of the Fe-N showed the nanoparticles in the
sample were core-shell structure with the diameter of the core nano-spheres were
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approximately 3 - 5 nm. The carbon shells exhibited ordered planes of the graphene
structure were observed. As shown in HRTEM image, Fe@C with uniform particle size
were homogenously embedded in the amorphous carbon framework (gray matrix). From
high-magnification TEM images (Fig. 4.15-Fe-N b and c), these core-shell structures
contained onion-like graphitic carbon nanostructure. The high graphitization degree of
carbon was attributed to the well dispersed iron nanoparticles in kraft lignin. However,
the morphology of the samples prepared with iron chloride and iron oxide nanoparticles
was much different, when iron chloride and iron oxide were used as the catalyst
precursors, serious agglomeration of the iron particles was found, the particle size even
reached as large as 50-100 nm, and these iron particles unevenly distributed in the
amorphous carbon from kraft lignin. These samples contained solid iron crystallites of
non-uniform shape, which were covered by surrounding amorphous. This type of
structures was not regarded as carbon encapsulates. Though iron core carbon shell
structures were also observed in these Fe-Cl2, FeCl3 and Fe-O samples, only part of the
carbon shells exhibited ordered planes of the graphene structure, more carbon shells
showed a disordered amorphous carbon structure. Currently, we could not completely
understand this phenomenon, but we presumed that it was because of the serious reunion
of the metallic iron particles since XRD results had revealed much larger crystallite size
of iron particles in these Fe-Cl2, Fe-Cl3 and Fe-O than in that prepared with iron nitrate
as the precursor. These results disclosed that small iron particles and the uniform
dispersion were beneficial for obtaining a high-performance iron catalyst towards
graphitization of kraft lignin, while large iron particles and the agglomeration
deteriorated the catalytic performance.
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The dark spots represented the iron species dispersing on the carbon materials. It
was found that different iron precursors were result in different crystallite size of iron
species in the order of Fe-Cl2 >Fe-Cl3 > Fe-O > Fe-N. In addition, all samples exhibited
the agglomeration of the crystals as seen in the cluster of polycrystals.

Figure 4.15

4.4

High resolution transmission electron microscope images of different iron
precursor (iron (II) chloride, iron (III) chloride, iron oxide nanoparticles
and iron nitrate) promoted kraft lignin after thermal-treated at 1000 oC for 1
hour under an argon flow.

Discussion
In Chapter III, iron was observed as the most active catalyst for catalytic

conversion lignin to carbon nanomaterials. The composition of lignin varies from species
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to species, usually, there are ~60 % carbon, 4-6 % hydrogen, ~28-31 % oxygen, and 1 %
ash [10]. To produce carbon-based materials, alien elements like oxygen, hydrogen and
others must be removed from lignin. Lignin contacts with catalyst particles can be
catalytic graphitized, therefore, it’s important to improve the contact degree of lignin and
catalyst to achieve the best performance. When the metallic catalyst powder is simply
mixed with lignin, the degree of catalyst-lignin contact is generally poor. In this work,
nanoscaled iron oxide particles were physical mixed by ball milling process, the
experimental results show that the catalytic performance of iron oxide nanoparticles was
not satisfied at all under the conducting conditions. The relative poor performance may
be due to the low contact degree between iron oxide particles and kraft lignin, as well as
poor interaction between iron oxide particles and kraft lignin during the thermal treatment
process.
In current work, it was discovered that the catalytic performance was significantly
affected by the different iron precursor in graphitization of kraft lignin, and the catalytic
performance was in the rate of Fe-N>Fe-O>Fe-Cl3>Fe-Cl2. The catalytic performance of
catalysts depends on the dispersion of the iron in the Fe-lignin system. Catalyst
dispersion can potentially be improved by two methods in catalyst-lignin systems:
improving contact between lignin and catalyst during the initial stages of Fe-lignin
precursors and optimizing the physical properties of the catalyst, i.e. increased surface
area, smaller particle size, or smaller crystallite size. However, sintering or agglomeration
has been observed for Fe-Cl2 and Fe-Cl2 samples under catalytic graphitization process
conditions. The different catalyst dispersion of iron salts was attributed to the iron salt
properties like iron salt solubility in solvent (usually water), ionized iron structures in
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water, iron salt melting temperature, iron salt decomposition temperature, iron-lignin
bonding strength as well as the anion properties in the iron salts. Below we will discuss
the parameters of iron precursor properties which are susceptible to affect the structure of
iron-lignin precursors and final catalytic performance on graphitization of kraft lignin.
4.4.1

The hydration properties of iron ions
Dispersion of iron ions on lignin and the formation of iron-lignin complex are

typically the first step in the preparation of catalyst-lignin precursors. While the masses
of Fe2+ and Fe3+ are practically the same, the ionic radii of the ions differ considerably
(0.92 Å for Fe2+ and 0.79 Å for Fe3+) due to the different charge states. Fe3+ has a much
higher charge density, which causes substantially different hydration behavior compared
to Fe2+. Different hydrated complex iron ions will form when iron salts solvated in water.
In Fe(NO3)3 aqueous solution, iron ions are mainly existed as the octahedral hexa-aqua
complex [Fe(H2O)6]3+. For the FeCl2 aquous solution, besides the octahedral hexa-aqua
complex [Fe(H2O)6]2+, several chloro-complex species have been identified in acidic
solutions of ferrous chloride [11], which are: octahedral monochloro-complex
[Fe(H2O)5Cl]+, dichloro-complex [Fe(H2O)4Cl2], and tetrahedral tetrachlorocomplex
[FeCl4]2-. The latter species, however, is formed exclusively at very high chloride excess
and/or high temperatures. Similarly, the complexes formed by ferric chloride (FeCl3) are:
octahedral hexaaqua complex [Fe(H2O)6]3+, monochlorocomplex [Fe(H2O)5Cl]2+,
dichloro-complex trans-[Fe(H2O)4Cl2]+, trichloro-complex [Fe(H2O)3Cl3] and tetrahedral
tetrachlorocomplex [FeCl4]-. Equally, to the ferrous salt, the highest order chloro-species
is only found at high chloride excess and/or high temperatures. These solvated iron ions
have different charge density and radius. Of these solvated iron complexes, octahedral
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hexa-aqua complex [Fe(H2O)6]3+ has highest charge density and smaller ionic radii, while
the chlorocomplexes have relative lower charge density and lager ionic radii. The higher
charge density and smaller ionic radii, the stronger tendency of iron ions to bonding with
oxygen-containing groups in lignin when they are contacting. Therefore, it is easy for
[Fe(H2O)6]3+ to penetrate onto lignin molecules and uniformly distributed in catalystlignin precursors. While the link between chlorocomplexes and lignin is weak, and the
distribution of these chloride-containing iron precursors are poorly distributed in lignin.
4.4.2

Thermal stability of iron precursors
Decomposition of Fe-lignin precursors is the next step (after dispersion of Fe ions

onto lignin, and drying) before the graphitization of kraft lignin. Decomposition of iron
precursors usually results in formation of iron oxide species which can be converted to
the active iron metal phases in kraft lignin matrix. Previous literature works[12] suggests
that decomposition of metal precursor at milder conditions generally leads to higher
metal dispersion. This means the iron salt precursors decompose at lower temperature
will result in better iron dispersion and catalytic performance. The iron salts investigated
in current work are Fe(NO3)3, FeCl3 and FeCl2; of these iron precursors, iron nitrate will
break up between 100-150 °C, release gaseous H2O, HNO3, NO, and NO2, and leave
Fe2O3 as the solid residue. At higher temperature (700 °C), FeCl3 decomposes forming
ferrous chloride.
FeCl3 above 700 °C

→

2FeCl2 + Cl2

But Fe(III) chloride hydrate (FeCl3·xH2O) can proceed simultaneously both
dehydration and decomposition at temperature above 100°C (FeCl3 + 3H2O → Fe(OH)3
+ 3HCl). At 250–300 °C a stable hydrated Fe(OH)2Cl is formed [13]. Around 400 °C,
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Fe(OH)2Cl continues to decompose, and form mostly Fe2O3 which however retains some
OH groups and Cl− ions [13].
FeCl2 (anhydrous) itself is thermal stable under the temperature up to 1000 °C, its
hydrate (FeCl2·xH2O) can partially thermal decompose to Fe3O4, HCl and H2 (reaction:
3FeCl2 + 4H2O  Fe3O4 + 6HCl + H2) between 550 and 800 °C [14].
TGA and TPD-MS results illustrate Fe-N sample decomposing at 237°C, the
lowest compared to 300 °C for Fe-Cl3, 323 °C for Fe-Cl2 and 374 °C for Fe-O sample.
The lower iron nitrate decomposition temperature enhances the iron dispersion and is
consistent with the XRD, SEM and TEM results.
4.4.3

Interaction of iron with functional groups in kraft lignin
The effects of iron precursors on the solid carbon yields during de-polymerization

and initial carbonization may also be explained by considering the association of Fe with
the lignin structure when preparing Fe-lignin precursors. Fe ions (Fe3+ and Fe2+) may be
coordinated to a series of oxygen-containing ligands in lignin including O2−, OH−, H2O,
−C=O, C−O−C and –COO-. Thus, Fe in lignin will greatly change the macromolecular
structure of lignin by bringing the coordination sites closer and making the lignin
structure tighter. Firstly, iron stabilizes the oxygen-containing functional groups (such as
carboxylic groups) it is linked with, leading to increase the contact degree between
catalyst and lignin. Secondly, iron enhances the thermal cracking and de-polymerization
of lignin, which will remove most of oxygen and hydrogen via catalytic thermal process
and generate solid carbon structures around iron particles. During catalytic thermal
process, the bonding between Fe ions and lignin structure will break down and iron ions
would be converted into metallic or other forms with increasing the temperature. The
145

carbon structures around iron particles will also further decompose to produce more
gases. The iron precursor had different effects on the gas production. The gas fraction
was 44.8 %, 45 %, 46.3 % and 50.7 % for Fe-Cl3, Fe-Cl2, Fe-O and Fe-N samples,
respectively. The H2S evolution profiles (Fig.4.10) showed no H2S detected from the FeN sample, this further proved the highest dispersion iron in Fe-N sample which would
simultaneously absorb H2S when it was released from kraft lignin structure during
catalytic decomposition process.
4.4.4

Impacts of chlorine on iron catalyst
Chlorine is considered to be a very strong poison to metal catalysts, particularly in

transitional metal catalysts for F-T process [15], and ammonia synthesis []. A significant
amount of residual Cl− ions was observed to exist on Fe-Cl2 and Fe-Cl3 samples during
catalytic decomposition process (Fig.4.11). The presence of chlorine in the Fe-lignin
could strongly modify iron catalytic properties. Residual chlorine, which remained in the
catalysts after the thermal decomposition, can have several impacts on the properties and
performance of the catalysts [16].
First, the existence of the chloride on metal surface will accelerate the
agglomeration/sintering of the metal particles. This one might relate to the formation of
iron-chlorine compounds on iron particle surface. Iron particles with a layer of Fe-Cl on
surface have tendency to merge, and agglomerate to large sizes. This phenomenon could
cause an increase in the size of iron crystallites, and thus, a decrease of the surface area
and iron dispersion.
The second possible mechanism is also based on Fe-C1formation. The formation
of Fe-C phases between the active iron metal and the carbon species can be affected by
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the presence of chlorine. Iron-chlorine compounds are very stable at high temperature, a
thin film of FeCl2 on the metal iron surface was formed when a molecular beam of
carbon tetrachloride was bombarded on an iron film surface in ultrahigh vacuum at 1053
K [17]. The formation of FeCl2 thin film will be a diffusion barrier for preventing carbon
atom to transfer into and interact with iron particle, then the growth of graphene structure
is stopped.
Third, experimental results indicate the graphene formation from solid carbon
resources are partially related to the carbonaceous gases (such as CH4 or CO) generated
from the decomposition of solid carbon feedstock. Residue chloride adsorbed on catalyst
surface will deactivate the iron active sites by preventing the adsorption of carbonaceous
gas molecules.
4.5

Conclusions
In the present study, the effect of iron precursors containing different anions like

nitrate, and chloride on catalytic thermal graphitization of kraft lignin to graphene
materials was investigated. Four iron precursors (iron (III) nitrate, iron (II) chloride,
iron(III) chloride and iron oxide) were used as the iron precursors. The catalytic
decomposition of iron-promoted lignin samples was examined using thermal gravimetric
analysis (TGA), and temperature-programmed decomposition (TPD) experiments. The
crystal structure and morphology of the thermal treated iron-lignin samples were
characterized by X-ray diffraction (XRD), Raman, scanning electron microscopy (SEM),
and high resolution transmission electron microscopy (HRTEM). It was found that
different iron salts influenced the states and dispersion of iron species in iron-lignin
samples. Among the starting salt precursors studied, iron nitrate was the most active one,
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while both the iron (III) chloride and iron (II) chloride showed the poor activity. The
residual chlorine presented over iron surface might prevent the interaction of iron with
functional groups in lignin, decreased the iron dispersion, and reduced the activity of the
iron. The better activity on catalytic decomposition of iron nitrate-lignin could be
attributed to the highly dispersed iron nanoparticles and stronger iron-lignin interaction.
The use of iron (III) nitrate as iron precursors for iron-kraft lignin mixtures gave higher
iron dispersions than the catalysts prepared from iron (II) chloride, and iron(III) chloride.
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CHAPTER V
MANUFACTURING OF GRAPHENE-ENCAPSULATED IRON NANOPARTICLES
BY CATALYTIC GRAPHITIZATION OF KRAFT LIGNIN
5.1

Introduction
In catalytic graphitization of kraft lignin, catalysts play an important role in

accelerating these reactions of de-polymerization, heteroatom removal and carbonization.
Moreover, Fe-based catalyst is the most practical catalyst for lignin graphitization
because of its relatively high activity, low cost and environmental friendly for recycle and
disposal.
Chapters III and IV have demonstrated that the initial iron catalyst dispersion as
well as subsequent catalyst distribution are critical for iron catalytic graphitization of
lignin. The importance of iron chemicals addition to lignin on graphitization reactions has
been demonstrated in Chapter IV. Uniformly blending lignin and iron nanoparticles can
improve the catalytic activity, but the enhancement is less than that obtained by coprecipitation of lignin and iron nitrate salt. Thus, the contact degree of catalyst-lignin
employs a significant influence on catalyst dispersion and activity. There are several
strategies to increase the contact degree of kraft lignin and iron catalyst. The catalytic
activity can be improved by modifying its physical and chemical structures such as
crystalline size, pore structure, dispersive degree, Fe precursor phase, Fe active phase [1].
In addition, the poor dispersion property of iron on lignin is not favorable to increase the
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contact of active components and lignin. Therefore, improving the dispersion of iron and
controlling the size of iron nanoparticles can be alternative strategies to improve the
catalytic performances of iron-lignin.
Considering that the graphitization degree of lignin is related with the contact
degree between iron and lignin, the catalyst components dispersed on lignin are usually
active when they contact with lignin. With increasing of the catalyst loading, there is an
increase in the graphitization degree of the carbon [2,3]. Usually, the higher loading, the
extensive contact degree is obtained. The content of iron in Fe-lignin usually has an
optimized amount. When the amount of iron is low, the enhancement of catalytic
activities is not obvious since significant of lignin is out of the reach of catalyst. On the
other way, when the amount of iron is too high, the size of iron may grow large quickly
due to the agglomeration and sintering during the thermal treatment process, and the
process will be uneconomical and with poor performance [4]. In this study, the effect of
iron loading is carried out for the catalytic graphitization lignin to graphene materials.
Iron-lignin precursors with five different iron loadings were prepared: 5%, 7.5%, 10%
12.5 and 15%. The goal of this chapter is to analyze and optimize the catalyst loading.
5.2
5.2.1

Experimental
The promotion of Fe-kraft lignin precursors
Kraft lignin (KL) is provided by Domtar. The kraft lignin with iron ions was

prepared by the co-precipitation method. Five loadings of iron nitrate nonahydrate, (20.5
g, 38.9 g, 59.9 g, 105.5g, and 130.4 g) were added to each of five volume levels of DI
water (12.5 mL, 25 mL, 37.5 mL, 62.5 mL, and 75 mL) hold in a 500-mL glass beaker,
respectively, and all 5 mixtures are stirred for 30 minutes. Each of these five iron nitrate
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solutions drop-like were added to its respective tetrahydrofuran kraft lignin solution (100
g lignin in 100 mL tetrahydrofuran) and the final mixtures were all stirred for 2 hours.
The mixtures were kept at room temperature for 24 h, and then transferred to an oven
where it was dried at 110 °C for one day.
5.2.2

Thermal treatment of iron-lignin samples
Fifteen grams (15 g) of the metal-promoted kraft lignin samples were each packed

in the middle of a 1-inch OD ceramic tubular reactor. The carrier gas – argon (99.99%
purity) was first introduced into the reactor at a flow rate of 50 mL/min for 30 minutes.
The reactor was heated temperature-programmed with a rate of 10°C /min to 1000 °C and
kept at 1000 °C for 1 hour. The furnace was cooled down by 10°C /min to room
temperature. Outlet gaseous products were collected and analyzed using an Agilent 6890
gas chromatograph equipped with a thermal conductivity detector (TCD), a flame
ionization detector (FID), and a capillary column (Carboxen®-1010 PLOT column, 30 m
× 0.53 mm I.D.). Argon was used as the carrier gas with a flow rate of 4.2 ml/min. Liquid
products were collected by a cold trap and analyzed off-line using an Agilent quadrupole
type GC-MS system.
5.2.3

Thermogravimetric analysis (TGA) experiments
Thermogravimetric analysis of the samples was carried out in a TGA (Shimadzu

TGA-50H) through isothermal analyses. For each sample that prepared by coprecipitating of iron and kraft lignin was loaded to the sample pan, argon (99.99 % purity,
50 ml/min) was flown through the TGA at 50 mL/min as the temperature was ramped at
10°C/min. Each sample was repeated for at least three times.
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5.2.4

Temperature-programmed decomposition (TPD) experiments
TPD experiments were carried out using an Autochem 2920 reaction system. 1 g

of the sample was used in each run. Volatile species from the TPD process were
measured with an on-line mass spectrometer.
5.2.5

Surface area characterization
Surface area of the thermal decomposed Fe-lignin samples was carried out using

an automatic adsorption unit, (Autosorb–1, Quantachrome). The samples were degassed
at 300 °C for 5 hrs prior to analysis to remove any adsorbed moisture or other impurities
bounded to the surface of the sample.
5.3
5.3.1

Results and discussion
Thermogravimetric analysis (TGA)
TG and DTG curves for the Fe-lignin samples with different iron content were

shown in Figure 5.1. There are four possible steps of mass loss that are shown in Figure
5.1. The stage peak temperatures, the stage mass loss, and the maximum mass loss rate in
each stage of Fe-lignin samples with different iron loadings were compared and listed in
Table 5.1, 5.2 and 5.3, respectively.
The initial mass loss corresponded to the loss of physically adsorbed water. This
loss occurred between 50 and 160 °C. The peak temperatures of the first stage are 102.5
°C, 110.5 °C, 112.5 °C, 115 °C, and 120 °C for 5 %, 7.5 %, 10 %, 12.5 % and 15 % Felignin samples, respectively (Table 5.1). Table 5.2 results demonstrated the mass losses
due to desorption of water were 1.48 %, 2.69 %, 3.10 %, 3.63 % and 5.13 % for the
respective samples when iron loading increased from 5 % to 15 %. The mass loss
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increased with increasing of iron loading and this was due to adsorbed water binding to
iron species increasing with increasing of the iron loading in the Fe-lignin samples.
The second stage of mass loss was observed around 160 to 317 °C and
corresponded to the de-polymerization of kraft lignin and the decomposition of iron
species. All the oxygen-containing groups in the alkyl side chain of the lignin basic units
were catalytic decomposed, the mass decreased rapidly because of the breakage of large
amounts of ether bonds and C-C bonds connected on the phenyl propane units, and a lot
of small-molecule gases and macromolecular condensable volatiles were simultaneously
generated. The peak temperatures of the second stage were decreasing with increasing of
iron content, i.e., 240 °C, 239 °C, 237.5 °C, 232.5 °C, and 232.5°C for 5 %, 7.5 %, 10 %,
12.5 % and 15 % Fe-lignin samples, respectively. The mass loss of this stage increased
with increasing of iron loading from 5% to 12.5%, but decreases from 12.5% to 15%.
Table 5.2 results showed the mass losses in the second stage were 9.22 %, 11.61 %, 13.71
%, 20.04 % and 19.90 % for the respective samples when iron loading increased from 5
% to 15 % and the peak mass loss rates were 0.100 %/C, 0.139 %/C, 0.209 %/C, 0.257
%/C and 0.210 %/C for these samples.
The most mass loss occurred between 317 and 588 C corresponding to the
decomposition of kraft lignin char from the second stage. The peak temperatures of the
third stage were decreasing with increasing of iron content, i.e., 420 °C, 393 °C, 382.5
°C, 375 °C, and 365 °C for 5 %, 7.5 %, 10 %, 12.5 % and 15 %-lignin samples,
respectively. Due to iron-lignin contact degree increasing with increasing of catalyst
loading, the catalytic decomposition temperatures decrease with increasing of iron
loading. The mass loss of this stage decreased with increasing of iron loading, this is
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because of more functional groups were left in the samples with less iron in the second
stage. Table 5.2 results showed the mass losses due to the decomposition of functional
groups are 42.58 %, 21.85 %, 21.33 %, 18.53 % and 18.42 % for the respective samples
when iron loading increased from 5% to 15% and the peak mass loss rates were 0.110
%/C, 0.107 %/C, 0.096 %/C, 0.090 %/C and 0.090 %/C for these samples (Table
5.3).
The last mass loss stage was characterized with a further carbonization and
graphitization process of the char residues in a wide temperature zone of 588 to 1000 oC.
In this zone, mass loss was mainly attributed to the decomposition of phenols, quinine,
ether and C-H groups, which gave out CO and H2 as the main products. The peak
temperatures of this stage were also decreasing with increasing of iron content, i.e., 750
°C, 735 °C, 710 °C, 700 °C, and 662 °C for 5 %, 7.5 %, 10 %, 12.5 % and 15 %-lignin
samples, respectively. The mass losses of the catalytic carbonization/graphitization were
9.77 %, 12.21 %, 13.32 %, 13.72 % and 14.02 % for the respective samples when iron
loading increased from 5 % to 15 % and the mass loss rates were 0.039 %/C, 0.047
%/C, 0.0.056 %/C, 0.0.095 %/C and 0.14 %/C for these samples.
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Figure 5.1

TG (a) and DTG (b) curves of kraft lignin promoted with the different iron
content heated at a rate of 10 °C/min in argon atmosphere.

Table 5.1

The stage peak temperatures of Fe-lignin samples with different iron
loadings.

Fe Loading (%)
5
7.5
10
12.5
15

Table 5.2

Stage II
(160-317 C)
240
239
237.5
232.5
232.5

Stage III
(317-588 C)
420
393
382.5
375
365

Stage IV
(588-1000 C)
750
735
710
700
662

The stage mass loss of Fe-lignin samples with different iron loadings.

Fe Loading (%)
5
7.5
10
12.5
15

Stage I
(50-160 C)
102.5
110.5
112.5
115
120

Stage I
(50-160 C)
1.48242
2.69047
3.10451
3.63455
5.12635

Stage II
(160-317 C)
9.22424
11.60506
13.71341
20.04138
19.90038
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Stage III
(317-588 C)
42.5822
21.84991
21.33423
18.53062
18.4197

Stage IV
(588-1000 C)
9.76871
12.21427
13.32068
13.71653
14.02367

Table 5.3

The stage peak mass loss rate of Fe-lignin samples with different iron
loadings.

Fe Loading (%)
5
7.5
10
12.5
15

5.3.2

Stage I
(50-160 C)
0.02805
0.03112
0.03638
0.04039
0.05761

Stage II
(160-317 C)
0.10087
0.13921
0.20892
0.25666
0.20973

Stage III
(317-588 C)
0.11011
0.10732
0.09588
0.09022
0.09016

Stage IV
(588-1000 C)
0.03893
0.04691
0.05586
0.09481
0.14161

TPD experiments
Figure 5.2 showed the typical trends of hydrogen release during temperature-

programmed thermal treatment of the Fe-lignin samples. Hydrogen evolution peak was
contributed by catalytic cracking CHx(x=1-3) groups and the releasing of H2 increases
greatly with temperature increasing. For the raw kraft lignin sample, H2 began to appear
from 520 °C and reached the maximum 726 °C during thermal decomposition process
under an argon flow. The staring temperature of hydrogen evolution shifted low value
with increasing of iron loading: 450 °C, 447 °C, 422 °C, 417 °C and 410 °C for the
sample with 5 %, 7.5 %, 10 %, 12.5 %, and 15 % iron, respectively. The H2 peak
temperatures and the intensity of peaks also decreased with increasing of iron loading.
Methane released (Figure 5.2) below 500 °C was mainly caused by the
fragmentation of the side chains and demethylation of the aromatic methoxy groups (–O–
CH3). The methane formation at the temperature above 500 °C was mainly attributed to
the breaking of aromatic ring skeletons. Two methane formation peaks were observed for
the iron-promoted lignin samples, the relative small and sharp peak at 250 °C and a wide
and strong methane peak above 400 °C. Methane evolution peak at low temperature
shifted to lower temperatures compared to that of raw kraft lignin, i.e., from 455 °C to
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240 °C. The high temperature methane formation peak area increased significantly. This
may be due to iron promoting the decomposition of kraft lignin. The intensity of the
methane evolution peaks was decreasing with increasing of the iron loading, this can be
interpreted by the catalytic activity of iron to the cracking of light hydrocarbons to
hydrogen and carbon at high temperature: with increasing of iron loading, the surface
iron atom number increased, and hence more active sites available for the catalytic
cracking hydrocarbon molecules, therefore, light hydrocarbon contents decreased with
increasing of iron loading.
CO was mainly released out (Figure 5.2) with the cracking of carbonyl (C–O–C)
and carbonyl (C=O). Two CO evolution peaks for the raw kraft lignin under argon
atmosphere: the low temperature CO evolution peak was around 418 °C, mainly
contributed to decomposition of carbonyl (C=O) groups, and the high temperature CO
peak was attributed to the cracking of carbonyl (C–O–C) and centered at 770 °C. Three
CO formation peaks were observed for the Fe-lignin samples: a sharp peak centered at
230 °C, a wide shoulder peak at 640 °C and a strong CO evolution peak at 800 °C. The
formation of CO at ~230 °C was contributed through decarbonylation of the carbon on
the C3 side-chain of lignin which was catalytic decomposed at the low temperature by
Fe3+ iron. CO peak at 640 °C was attributed to the cracking of carbonyl (C–O–C), while
the high temperature CO peak at 800 °C was most likely attributed to the secondary
pyrolysis (thermal cracking of char residue of the kraft lignin). The intensity of the CO
peaks increased with increasing iron loading at high temperature, this meant more CO
was formed for the Fe-lignin samples with high iron loadings.
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CO2 is released (Figure 5.2) through the decomposition of carboxyl
(decarbonylation) and ester groups during lignin decomposition process. Two CO2
formation peaks were presented for kraft lignin decomposition under an argon
atmosphere (Fig. 3d). Carboxyl (  COO-  CO2) were proposed to be predominantly
responsible for the low-temperature peak (407 °C). The high-temperature (642 °C) CO2
evolution was attributed to ester groups under an inert atmosphere. Like the formation of
CO during the decomposition of the Fe-lignin samples, three CO2 formation peaks was
observed for the Fe-lignin samples: the sharp peak centered at 230 °C, a wide strong peak
at 630 °C and a weak flat CO2 evolution peak at 860 °C. The formation of CO2 at 230 °C
was contributed through decarbonylation of the carboxyl (-COO-) and COOH groups in
lignin which was catalytic decomposed at the low temperature by Fe3+ iron. The CO2
peak at 630 °C was attributed to the cracking of ester groups, while the high temperature
CO2 peak at 860 °C was probable attributed to the secondary pyrolysis (thermal cracking
of char residue of the kraft lignin). Both CO2 peaks at 630 °C and 860 °C shifted to lower
temperature with increasing of iron loading. Like CO formation, the intensity of the CO2
evolution peaks also increased with increasing of iron content.
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Figure 5.2

5.3.3

Hydrogen (a), methane (b), carbon monoxide (c), and carbon dioxide (d)
evolution for the temperature-programmed thermal treatment of iron-lignin
samples with different iron loading heated to 1000 °C at a heating rate of
10 °C/min under argon atmosphere.

Effect of the iron to lignin mass ratio on product yields
Catalyst loading is an important factor for catalytic graphitization of lignin. It is

expected that the increase in catalyst loading increases the catalytic performance. To
study the effect of the iron /lignin ratio on the yields and characteristics of the thermal
decomposition products, experiments were performed with mixture of 5, 7.5, 10, 12.5 and
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15 wt% of iron, and 95, 92.5, 90, 87.5 and 85 wt% of kraft lignin, respectively. Table 5.4
showed the product distribution (dry basis excluding iron), the gas and liquid distribution.
The results listed in Table 5.4 showed that the catalytic performance increased with
increasing of iron loading. The solid carbon yield was 36.5% without adding iron (0%
iron). At low catalyst loading of 5%, the solid carbon yield was 35% and 33.1% for 7.5%
iron loading. Upon increasing the loading to 10%, the solid carbon yield decreased to
31.3%. Further increasing iron content to 12.5% and 15%, gave the solid carbon yield to
30.5% and 29.0%, respectively. A higher catalyst/lignin ratio led to an increase in the gas
production while the liquid fraction significantly reduced. The liquid yield, which was
23.2 % without iron catalyst, decreased to 20.2 % by adding 5 % iron catalyst. With
increasing of iron loading, liquid yield decreased further, it reached the minimum value
of about 13.8% with 15% of iron loading. The gas phase yield was also presented in
Table 5.4. By increasing the catalyst/lignin ratio, the gas fraction increased from 40.3%
for the non-catalytic experiment to 56.9% of the 15% iron loading.

Table 5.4

Effects of iron loading on product distribution of catalytic decomposition
of kraft lignin at the temperature of 1000 °C for 1 hour.

Fe-Kraft lignin Sample
0%Fe-100%Lignin
5%Fe-95%Lignin
7.5%Fe-92.5%Lignin
10%Fe-90%Lignin
12.5%Fe-87.5%Lignin
15%Fe-85%Lignin

Solid carbon (Fe free) (wt%)
36.5
35
33.1
31.3
30.5
29.3
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Liquid (wt%)
23.2
20.2
18.8
18
15.7
13.8

Gas (wt%)
40.3
44.8
48.1
50.7
53.8
56.9

5.3.4

Effect of the iron loading on gaseous phase composition
During catalytic thermal treatment process, the gas atmosphere contained varying

concentrations of species such as CO, H2, CO2, and light hydrocarbons. The influence of
catalyst loading on gas compositions was studied and the results were shown in Table
5.5. It was found that the content of CO2 and CO increased, while the content of H2, CH4
and other light hydrocarbons decreased with increasing iron loading.
For the kraft lignin sample without iron catalyst, H2 composed of 13.1 % (in
volume) of the gas produced in thermal decomposition process under an argon flow.
Hydrogen was produced from the kraft lignin samples with iron catalysts since iron is an
active catalyst for cracking light hydrocarbons to hydrogen and carbon at high
temperature, however hydrogen content decreases with increasing of iron loading. The
content of H2 is 10.5 % (v/v), 9.7 %, 8.5 %, 7.6 % and 6.4 % in the product gas for the
samples with 5 %, 7.5 %, 10 %, 12.5 %, and 15 % iron. This was caused by the reverse
water-gas shift reaction (RWGSR) (CO2(g)+H2(g) = CO (g)+H2O(g)). Part of hydrogen
from the thermal cracking reaction was consumed through RWGSR since more CO2 was
generated from the samples with iron catalysts and iron was also very active for the
RWGSR under the process conditions.
CH4 is the most important light hydrocarbon from lignin decomposition, it is
released from decomposition of the fragmentation of the side chains and aromatic
methoxy groups (–O–CH3) as well as the breaking of aromatic ring skeletons in lignin.
Methane made up 23.9 %(v) of the gas produced in the raw kraft lignin thermal
decomposition under argon atmosphere. The content of methane was 21.2 % (v/v), 20.1
%, 17.8 %, 15.3 %, and14. 5 % in the product gas for the samples with 5 %, 7.5 %, 10 %,
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12.5 %, and 15 % iron. Other light hydrocarbons (C2’s-C4’s) were also decreasing with
increasing of iron loading. The increase in catalyst loading increased the number of iron
atoms and hence more active sites were available for the catalytic cracking hydrocarbon
molecules, therefore, light hydrocarbon contents decreased with increasing of iron
loading.
CO is formed from the cracking of carbonyl (C–O–C) and carboxyl (C=O) during
lignin thermal decomposition; part of CO is also attributed to the secondary pyrolysis
(thermal cracking of char residue of the kraft lignin) at high temperature. Iron species
were good catalysts for decarbonylation and thermal cracking process. The content of CO
was 29.7 % (v/v), 32.9 %, 34.5 %, 36. 8%, 38.4 %, and 39.7 % in the product gas for the
samples with 0 %, 5 %, 7.5 %, 10 %, 12.5 %, and 15 % iron.
Table 5.5

Gas composition during decomposition of kraft lignin samples

Component, 0%Fe5%Fe(% v/v)
100%Lignin 95%Lignin
H2
13.1
10.5
CH4
23.9
21.2
CO
29.7
32.9
CO2
29.3
33
C2’s
2.4
1.5
C3’s
1.3
0.8
C4’s
0.3
0.1

7.5%Fe10%Fe92.5%Lignin 90%Lignin
9.7
8.5
20.1
17.8
34.5
36.8
34.4
36.1
0.8
0.5
0.5
0.3
0
0

12.5%Fe15%Fe87.5%Lignin 85%Lignin
7.6
6.4
15.3
14.5
38.4
39.7
38.5
39.4
0.2
0
0
0
0
0

CO2 is released through the decomposition of carboxyl (decarbonylation) and
ester groups during lignin decomposition process. At high temperature, part of CO2 is
attributed to the secondary pyrolysis (thermal cracking of char residue of the kraft lignin).
Like the formation of CO during the decomposition of the iron-kraft lignin samples, CO2
formation was also increasing with increasing iron loading (Table 5.5).
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5.3.5

Characterization

5.3.5.1

BET surface area
BET surface areas of the samples were calculated from N2 adsorption experiments

to observe the effect of metal loading on carbon nano materials production from ironlignin samples (Table 5.6). The results indicated that BET surface area are 78.3, 97.8,
108, 100.2, 85.6 m2/g, i.e., surface areas increased with increasing of iron loading from
5 % to 10 %, but decreased from 10 % to 15 %. In Fe-lignin samples, active metal iron
played a direct role in the formation the physical structures of the solid residues, and thus
the change in the metal loading might result in a formation of maximum in the surface
area of the solid residues as a function of metal loading. This could be explained by two
different roles of Fe on the sample structure: (i) Fe played a catalytic role in the
decomposition and carbonization of lignin structure, and (ii) at higher loadings, the
surface areas of the solid residue further reduced due to the graphitization degree
increased with increasing of iron loading; on the other hand, excessive Fe would
agglomerate and sinter to larger particles.
Table 5.6
Fe %
5
7.5
10
12.5
15
5.3.5.2

Surface areas of co-precipitated
BET Area (m2/g)
78.3
97.8
108
100.2
85.6
X-Ray Diffraction (XRD)

XRD was used to measure the crystalline structure of the thermal treated Fe-lignin
samples with different iron loadings. Figure 5.3 illustrated XRD profiles of Fe-lignin
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samples with iron loadings of 5 %, 7.5 %, 10 %, 12.5 % and 15 %, respectively. The
thermal treated Fe-lignin samples demonstrated different crystalline structure with
different iron loadings. While the 5 % and 7.5 % iron samples showed the body-centered
cubic iron (α-Fe) and the face-centered cubic iron (γ-Fe) formation after thermal treated
at 1000 ºC. As the Fe loading increased to 10 %, the XRD results illustrated the thermal
treated iron-lignin sample mainly consisted of cementite (Fe3C), austenite (γ-Fe) and
ferrite (α-Fe). As the iron loading continuously increased to 12.5 % and 15 %, the XRD
spectra of the solid residues showed the stronger cementite diffraction peaks and weaker
austenite and ferrite peaks.

Figure 5.3

XRD patterns of multi-layer graphene-encapsulated iron nanoparticles
(MGEINs) sample with different iron loading thermal treated at 1000C
under an argon flow for 1 hour: (a) 5wt%, (b) 7.5wt%, (c) 10wt%, (d)
12.5wt% and (e) 15wt%.
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The selected diffraction patterns (2θ =41- 48°) were fitted by Jade 2010 software,
and fitted curves are shown in the Figure 5.4. The relative fraction of α-Fe, γ-Fe and Fe3C
was defined here as the area ratio of fitted peak of each iron phase to the total fitted area.
Table 5.7 and Figure 5.4 shows the calculation results of relative fraction of α-Fe, γ-Fe
and Fe3C. The relative fraction of α-Fe decreased with increasing Fe content, while
relative fraction of Fe3C decreased with increasing Fe content. The relative fraction of γFe was firstly increased with increasing Fe loading between 5 % to 7.5 % from 62 % to
70 %, and then decreased to 35 % with increasing Fe loading to 15 %. The change of
relative fraction of α-Fe, γ-Fe and Fe3C indicated interconversion of iron phases in
different Fe ladings. As the Fe loading increased from 5 % to 7.5 %, α-Fe converted to γFe. As the Fe loading increased from7.5 % to 15 %, both α-Fe and γ-Fe converted to
Fe3C. The formation of Fe3C is always potentially associated with the carbon
precipitation from the gas phase. Fe3C has been produced from the reduction and
carburization of iron oxides using different gas mixture as the following reactions.
3Fe + CH4  Fe3C + 2H2
3Fe + 2CO  Fe3C + CO2
3FeO + 5CO  Fe3C + 4CO2
Fe3O4 +6CO  Fe3C + 5CO2
Gaseous phase products were increasing with increasing of iron loading, and more
lignin char was consumed with higher iron loading, then more naked iron particles
exposed to reaction atmosphere, therefore, more Fe3C produced in the higher iron content
samples (Table 5.7 and Figure 5.4). Once carbon deposition occurred at the reacting
surface, Fe3C formation was terminated, with the same heating temperature and heating
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time, the sizes of Fe3C in different samples were very similar, all around 32-33 nm (Table
5.7 and Figure 5.5).

Figure 5.4

Relative fraction of α-Fe, γ-Fe and Fe3C.

Table 5.7

Relative fraction and particle size of α-Fe, γ-Fe and Fe3C.
Relative fraction
α-Fe
γ-Fe
38
62
30
70
13
43
13
35
10
35

Iron content
5%
7.50%
10%
12.50%
15%

Fe3C
44
52
55

Particle size
α-Fe
γ-Fe
11.3
19.8
14.4
22.8
23.3
11.3
23.1
15.2
24.5
17.4

Fe3C
32.8
32.4
33.0

The mean particle size of α-Fe, γ-Fe and Fe3C was determined from fitted peak by
applying Sherrer equation, which is,
L

0.9
(BM  BS2 )  cos 
2
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Where, λ is wavelength of the target CuKα (1.5406 Å), BM is the full width at
half maximum of highest intensity diffracted plane, BS is the full width at half maximum
of the standard materials in radians (BS = 0.1º × π/180 º), θ is peak centroid for highest
intensity diffracted plane.
Table 5.7 and Figure 5.5 showed the calculated particle size of α-Fe, γ-Fe and
Fe3C. The mean size of α-Fe nanoparticles was increased with increasing Fe loading
between 2.5 % to 15% from 11.3 nm to 24.5 nm. The mean size of γ -Fe nanoparticles
was firstly increased from 19.8 nm to 22.8 nm with the increasing iron loading from 5 %
to 7.5 %, and then decreased to 11.3 nm at iron loading of 10 %. As the Fe loading
increased from 10 % to 15 %, the mean size of γ -Fe nanoparticles was increased from
11.3 to 17.4 nm.

Figure 5.5

Particle size of α-Fe, γ-Fe and Fe3C
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Figure 5.6

5.3.5.3

Experimental and fitted X-Ray diffraction patterns for kraft lignin
carbonization products with different iron loadings.

Raman
The Raman spectra can identify the presence of the graphite and disordered

amorphous carbon in the samples. The Raman spectrum obtained for the fresh char was
presented in Figure 5.7. The fresh char exhibited two strong peaks at the D- and G-bands,
as shown in Figure 5.7. The D-band was the Raman band at a shift of 1368 cm-1. The Gband was the Raman band for a shift of 1600 cm-1, which was attributed to a stretching
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vibration mode of graphite C=C bonds. Figure 5.7 showed the Raman spectrum of
thermal treated samples of kraft lignin with different iron content. It was notable that the
amount of catalyst had no influence on the position of peaks in Raman spectra. However,
the amount of catalyst affected the degree of graphitization of graphite. The effects of
different catalysts on the degree of graphitization, preferred orientation, and crystalline
size of graphite were listed in Table 5.8. The La value was estimated from the Cançado
equation. The values of ID/IG decreased with increasing of iron content after thermal
treatment, an increase in the uniformity of carbonaceous structure, i.e., as the degree of
graphite increased with iron loading. From Table 5.8, it could be also found that the
crystalline size of graphite increased with increasing of iron loading.

Figure 5.7

Raman spectra for different iron loading.
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Table 5.8

Fitting results of different iron loading.

Fe loading
5%
7.50%
10%
12.50%
15%

La (nm)
12.21
13.81
14.87
16.01
16.41

5.3.5.4

(Id+g)/2D
0.54
0.46
0.4
0.35
0.29

Id/Ig
1.57
1.39
1.29
1.2
1.17

Morphology of the foams
Figure 5.8 showed SEM images of solid sample from 5% Fe-lignin. As shown in

Figure 5.8, macro-porous foam materials that maintain large pore volumes were formed
after catalytic thermal decomposition at 1000 °C for 1 hour. It’s observed that the pore
size was varying from 0.1 m to 5 m in the SEM images (Figure 5.8a-b). The thickness
of the pore wall was around 0.05 m to 0.5 m (Figure 5.8a-b). On the macro pore
surface, there were two types of nanoparticles: the majority nanoparticles had a narrow
particle size of less than 10 nm. There were also some larger nanoparticles with quasispherical shape distributed over the pore surface (Figure 5.8b-c). These nanoparticles
showed diameters ranging from 20 to 100 nm. The wall between pores was composed of
uniform nanoparticles with particle size of 3-8 nm (Figure 5.8b). There were also some
micro pores formed over the wall (Figure 5.8c-d).
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Figure 5.8

Scanning electron microscope images of 5wt% iron multi-layer grapheneencapsulated iron nanoparticles (MGEINs) thermal-treated at 1000oC for 1
hour under an argon flow.

Figure 5.9 showed SEM images of solid sample from 7.5 %Fe-lignin. Like that of
5 %Fe-lignin sample, macro-porous foams that maintain large pore volumes were
obtained for 7.5 %Fe-lignin sample after catalytic thermal decomposition. But, there were
more macro pores formed and the pore size was varying from 0.1 m to 1.5 m for 7.5
%Fe-lignin sample (Figure 5.9a-b). The thickness of the pore wall was around 0.05 m to
0.5 m (Figure 5.9a-b). On the macro pore surface, there were more large-size
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nanoparticles distributed over the pore surface (Figure 5.9b-c). There were more micro
pores observed over the pore wall (Figure 5.9c-d).

Figure 5.9

Scanning electron microscope images of 7.5 wt% iron multi-layer
graphene-encapsulated iron nanoparticle foams (MGINFs) thermal-treated
at 1000oC for 1 hour under an argon flow.

Figure 5.10 shows SEM images of solid sample from 10 %Fe-lignin after thermal
treated at 1000 C under an argon flow for 1 hour. It shows the macro-porous foams are
formed. The forms have more macro pores with larger pore size from 0.1 m to 10 m
for this sample, and these macro pores are interconnected each other by holes (Figure
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5.10a-b). The wall of the pores is very thin with a thickness from 0.01 m to 0.05 m
(Figure 5.10a-b) and is composed of very fine nanoparticles and micro pores (Figure
5.10d).

Figure 5.10

Scanning electron microscope images of 10wt% iron multi-layer grapheneencapsulated iron nanoparticle foams (MGINFs) thermal-treated at 1000oC
for 1 hour under an argon flow.

Figure 5.11 showed SEM images of solid sample from 12.5 %Fe-lignin. It
showed the 3D porous structures were formed with interconnected channels. The porous
forms had more macro-pores with larger pore size from 1 m to 10 m for this sample
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(Figure 5.11a-b). The wall of the channels was composed of nanoparticles and mesopores/micro-pores (Figure 5.11d). There were large-size nanoparticles and carbon
nanotubes/fibers distributed over the pore surface (Figure 5.11b-c).

Figure 5.11

Scanning electron microscope images of 12.5wt% iron multi-layer
graphene-encapsulated iron nanoparticles (MGEINs) thermal-treated at
1000oC for 1 hour under an argon flow.

Figure 5.12 showed SEM images of solid sample from 15 %Fe-lignin. As shown
in Figure 5.12, porous materials were formed with interconnected channels that maintain
large pore volumes after catalytic thermal decomposition at 1000 °C for 1 hour. It’s
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observed that the pore size was varying from 0.1 m to 5 m in the SEM images (Figure
5.12a-b). The thickness of the pore wall was around 0.05 m to 0.5 m (Figure 5.12a-b).
On the macro-pore surface, there were two types of nanoparticles: the majority
nanoparticles had a narrow particle size of less than 10 nm. There were also some larger
nanoparticles with quasi-spherical shape distributed over the pore surface (Figure 5.12bc). These nanoparticles showed diameters ranging from 20 to 100 nm. The wall between
pores was composed of uniform nanoparticles with particle size of 3-8 nm (Figure 5.12d).
There were also some micro-pores formed over the wall (Figure 5.12c-d).

Figure 5.12

Scanning electron microscope images of 15 wt% iron multi-layer grapheneencapsulated iron nanoparticles (MGEINs) thermal-treated at 1000 oC for 1
hour under an argon flow.
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The morphology and structure of the samples were characterized using HRTEM.
Figure 5.13-Figure 5.17 displayed TEM images of the catalytic thermal treated kraft
lignin samples from different iron loading precursors. Small and uniformly distributed
iron particles were clearly seen in the 5 %Fe-lignin sample (Figure 5.13a). HRTEM
images of the 5 %Fe sample show the nanoparticles in the sample were core-shell
structure with the diameter of the core nano-spheres were approximately 5 - 10 nm
(Figure 5.13b). The carbon shells exhibited ordered planes of the graphene structure. As
shown in HRTEM image, Fe@C particles with uniform particle size were homogenously
embedded in the amorphous carbon framework (gray matrix). From high-magnification
TEM images (Figure 5.13b-c), these core-shell structures contained onion-like graphitic
carbon nanostructure. Figure 5.13c showed the TEM micrographs of -Fe with the dspacing values of 0.208 nm for the (111) crystallographic plane. There were 2-5 layers of
graphene over (111) plane. While Figure 5.13d showed the TEM micrographs of -Fe
with the d-spacing values of 0.1805 nm for the (200) planes. More than 6 layers of
graphene were formed over (200) plane. The formation of -Fe phase of the 5%Fe sample
was agreeing with the XRD results.
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Figure 5.13

High resolution transmission electron microscope images of 5wt% iron
multi-layer graphene-encapsulated iron nanoparticles (MGEINs) thermaltreated at 1000oC for 1 hour under an argon flow.

The carbonized 7.5 %Fe sample was mainly composed of carbon-encapsulated
iron particles with a diameter of 5-15 nm (Figure 5.14a-b). The nanoparticles had
spherical shape and dark cores enclosed by light shells (Figure 5.13b). Most of these
carbon-encapsulated nanoparticles had core diameters about 5-10 nm and the carbon shell
was composed of 3-5 layers of graphene structure. Like that of 5 % Fe sample, (111) and
(200) planes of -Fe phase were observed through TEM images (Figure 5.13c-d), which
also agreed with the XRD results.
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Figure 5.14

High resolution transmission electron microscope images of 7.5wt% iron
multi-layer graphene-encapsulated iron nanoparticles (MGEINs) thermaltreated at 1000oC for 1 hour under an argon flow.

The morphology of 10 %, 12.5 % and 15 %Fe samples (Figure 5.15 to Figure
5.17) was much different with that of 5 % and 7.5 %Fe samples. Iron particles with
different sizes were found. Two types of Fe@C particles were observed from these
samples with iron loading over 10 %, the smaller particles had diameters between 5 and
10 nm, the larger particle size even reached as large as 30-50 nm. Different with those of
5% and 7.5% Fe samples which mainly (111) and (200) planes of -Fe phase were
observed through TEM images (Figure 5.15 to Figure 5.17), (031), (112) and (210)
planes of Fe3C phase were found from HRTEM images for 10 %, 12.5 % and 15 %Fe
samples, this also agreed with the XRD results.
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Figure 5.15

High resolution transmission electron microscope images of 10wt% iron
multi-layer graphene-encapsulated iron nanoparticles (MGEINs) thermaltreated at 1000oC for 1 hour under an argon flow.
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Figure 5.16

High resolution transmission electron microscope images of 12.5wt% iron
multi-layer graphene-encapsulated iron nanoparticles (MGEINs) thermaltreated at 1000oC for 1 hour under an argon flow.
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Figure 5.17

5.4

High resolution transmission electron microscope images of 15wt% iron
multi-layer graphene-encapsulated iron nanoparticles (MGEINs) thermaltreated at 1000oC for 1 hour under an argon flow.

Conclusions
Multi-layer graphene-encapsulated iron nanoparticle embedded carbon foams

(MGEINs) were obtained by catalytic graphitization of kraft lignin at temperature of
1000 °C. All samples were characterized by nitrogen adsorption, X-ray diffraction
(XRD), scanning electron microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), and Raman spectroscopy. Results obtained show that a significant
effect of catalyst loading on the catalytic graphitization of kraft lignin. Both the
graphitization rates and lignin conversion levels were found to increase with the increase
in the metal (Fe) to lignin ratio.
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CHAPTER VI
CATALYTIC CONVERSION KRAFT LIGNIN TO GRAPHENE MATERIALS
UNDER DIFFERENT ATMOSPHERES
6.1

Introduction
It has been reported that the graphitization of solid carbon-based species is mainly

affected by the heat treatment temperature [1], while other heat treatment variables like
residence time, and heating rate have a slight effect on the degree of graphitization of the
products [2]. It was claimed that ambient gas phase had a relatively large effect on
graphitization of carbon [3]. A purging gas is usually used to remove the volatiles
released from carbonaceous materials during the carbonization/graphitization processes.
There are two type of gases used in the carbonization/graphitization process: inert gas
[4]; and reactive gases [5]. Typically, inert gases like nitrogen, argon and helium are used
as the purging gas during the carbonization/graphitization processes. However, the
carbonization/graphitization process has also been carried out with reactive gases like
CO2, steam (H2O), or hydrogen. The reactive gases can be classified to categories: (i)
reducing gases, i.e., H2, and hydrocarbons [6–8] and (ii) oxidizing gases: CO2, steam, O2
and air [2,3,5]. The graphitization efficiency and the graphitization temperature were
reported to be affected by the residual elements such as hydrogen, nitrogen, oxygen,
chlorine etc. [5]. The presence of gaseous oxidizer, e.g. oxygen, carbon dioxide, water
vapor, etc., can enhance graphitization of solid carbon resources [2]. Noda and Inagaki
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[2,3] investigated the effect of gas phase on graphitization of a petroleum coke and a
carbon black. The experimental results showed that the degree of graphitization of carbon
was significantly affected by the ambient gas phase during the heat treatment. The
presence of oxygen in the ambient gas phase accelerates the graphitization and carbon
dioxide had a similar but lesser effect, while no noticeable influence was detected in
cases of nitrogen and argon. Oxygen containing gases were reported to affect the CNT
structures [9–12]. The formation of amorphous carbon was retarded by the presence of
mild gaseous oxidizers (e.g., CO2 and H2O) [5,7,13]. Although nitrogen is usually
regarded as an inert gas under low temperature, it is active at high temperature. Nomura
et al. [14] investigated the graphitization of solid carbon with uranium carbide (UC)
under nitrogen atmosphere. Results showed that the degree of graphitization increased
with increasing temperature and increased with decreasing nitrogen pressure. The
dependence of graphitization on nitrogen pressure was explained well by a
thermodynamically analysis of the reaction of UC with nitrogen gas. Hydrogen has been
widely used for production of carbon nanotubes (CNTs) and graphene in chemical vapor
deposition (CVD) process; it plays a very important role in activation surface-bound
carbon and gasification of the disordered carbon that will inhibit the graphene growth.
Graphene could not be grown without the aid of H2 in CVD process [8]. However, the
presence of H2 in CVD was reported to degrade the crystallinity of graphene and slows
down the growth rate on the Cu catalyst since hydrogen is competing with hydrocarbons
on the surface active sites of the catalyst, which inhibiting the growth of graphene [15].
H2 has strong etching effect on graphene or other ordered carbon species in the presence
of transition metals, which leads the destruction of graphene to form hydrocarbon [16].
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Light hydrocarbons (e.g., methane, ethane, and propane) are the most common carbon
precursors for the growth of ordered carbon forms like CNTs and graphene [6–8].
Our experimental results in the previous chapters indicate graphene formation
from lignin both via CVD and thermal annealing solid carbon[17–20]. Graphene growth
from CVD process requires low activation energy and trends to form large size graphene
sheets. Thermal annealing solid carbon derived graphene have relative small size and
require high activation energy. CVD graphene growth requires carbon-containing
gaseous precursors. About 50-60 % carbon in lignin is released as carbonaceous gases,
and the rest is left as solid. Therefore, a possible way to increase the yield and selectivity
of graphene materials is to gasify the solid carbon residue of the kraft lignin. Hydrogen
and carbon dioxide have an etching effect on amorphous carbon. The following reactions
can depict the gasification of amorphous carbon or the solid carbon residue from
decomposition of kraft lignin:
Ca + 2H2  CH4
Ca + CO2  2CO
While carbonaceous gases can re-deposit through CVD process to form graphene
materials over metal particle surface. Ca is labelled as amorphous carbon or the solid
carbon residue from kraft lignin, while Cg is graphene materials.
CH4  Cg + 2H2
2CO  Cg + CO2
Different types of processing gases will be used to investigate the production of
graphene materials from kraft lignin. Gases will be selected from CH4, H2, CO2, and their
mixture to examine processing gas effects on product component distributions. The
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object of current work is to investigate catalytic conversion kraft lignin to graphene
nanomaterials in inert gas- argon, reactive gases –hydrogen, methane, natural gas and
CO2 atmospheres. The evolution profiles of gaseous product during heat treatment
process will be examined by an on-line RGA analysis. Special attention is paid to the
nano material formation mechanism of under different gases (H2, CO, CO2 and CH4)
from catalytic decomposition process.
6.2
6.2.1

Experimental
Materials
Kraft lignin (KL) was provided by Domtar, and dried in an oven at 105 °C for 5 h.

The content of C, H and O was 65.89 %, 7.49 % and 26.32 %, while proximate analysis
showed the content of volatile, fixed carbon and ash as 54.49 %, 43.11 % and 2.40 %.
6.2.2

The promotion of iron ions on the kraft lignin
The kraft lignin with iron ions was prepared by the co-precipitation method. 300

grams of kraft lignin was first added to 300 mL tetrahydrofuran in a 2000-mL glass
beaker, stirred for 2 hours; 246.0 grams of Iron(III) nitrate nonahydrate was added to 100
mL DI water in a 500-mL glass beaker, stirred until it was dissolved completely,
followed by adding the iron nitrate solution drop-like to kraft lignin solution and stirred
for 2 hours. The mixture was kept at room temperature for 24 h, and then transferred to
an oven where it was dried at 110 °C for 24 h.
6.2.3

Thermal treatment under different atmosphere
Different process gases – argon, hydrogen (H2), methane (CH4), carbon dioxide

(CO2), and natural gas (NG) were compared in graphene nanomaterial production from
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lignin. Fifteen grams of the iron-impregnated kraft lignin were packed in the middle of a
1-inch OD, stainless steel tubular reactor. The process gas was introduced into the reactor
at a flow rate of 80 mL/min. The reactor was heated temperature-programmed with a rate
of 10 °C /min to 1000 °C and kept at 1000 °C for 1 hour. The furnace was cooled down
by 10 °C /min to room temperature.
6.2.4

Temperature-programmed decomposition (TPD)
TPD experiments were carried out using an Autochem 2920 equipped with an on-

line RGA. The TPD profiles provide information on the types of volatiles released from
decomposition of kraft lignin, from the decomposition of surface functionalities, and on
the nature of interactions of the gaseous species and carbon. 1g of Fe-Kraft lignin sample
was used in each run. The selected gases (H2, CO, CO2 and CH4) were used as the
carrier gas with a flow rate of 20 mL/min. The on-line RGA was used for continuously
monitoring the volatile species of reactor effluent that might contain hydrogen, methane,
carbon monoxide, carbon dioxide, methanol, phenol and aromatics during the TPD
process.
6.2.5

Characterization
X-ray powder diffraction (XRD) patterns of the samples were obtained using a

Rigaku Ultima III X-ray Diffraction System operated at 40 kV and 44 mA using Cu-Kα
radiation with a wavelength of 1.5406 Å, from 20° to 80° at a scan rate of 0 02 °s−1. The
Jade powder diffraction analysis software from Materials Data, Inc was used for both
qualitative and quantitative analysis of polycrystalline powder materials. The morphology
of the samples was investigated with a Scanned Electron Microscope (SEM). All samples
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were pre-coated with 10 nm Pt before being introduced into the vacuum chamber. The
system was operated with accelerating voltage of 10 kV. The sample particle sizes were
examined with a JEOL JEM-100CX II Transmission Electron Microscope (TEM)
operated at accelerating voltage of 200 kV. All samples were sonicated in ethanol
solution for 1 minutes before transferred to copper grids.
Raman Spectroscopy measurements were carried out on a Hololab Series 5000
microscope coupled to a Holospec f/1.8 Spectrograph (Kaiser Optical Systems, USA)
working at 785 nm excitation wavelength. Deconvolution of the spectra was performed
by assuming mixed Gaussian/Lorentzian peaks to describe both the main D- and G-bands
and the two minor ones. A and D2, positioned at 1500 cm−1 and 1170 cm−1,
respectively. The fit was performed using Origin Pro 2015. The spectra analysis was
supported by the variations observed in both the D- and G-band-parameters. The
parameters retained were the full-width of the half-maximum (FWHM) of the D-band,
and the ratio of the peak heights (ID/IG). Twenty spectra were collected for each sample.
The crystalline size along the a-axis (La) was calculated using the Cançado equation [13].
The specific surface area (SBET) was obtained using the Brunauer–Emmett–Teller
(BET). The surface area of the solid samples has been determined by N2
adsorption−desorption (Quantachrome, Autosorb-1). Prior to measurements, the samples
were degassed at 300 °C for 3 hours.
6.3
6.3.1

Results and discussion
Evolved gas analysis during TPD process
An on-line RGA was used to continuously monitor the reactor effluent in this

work. The signals from the mass spectra of 2, 15, 28, 31, 44, 78 and 94 (m/z) were
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identified as the major contributors from the specific evolved gases and volatiles (H2,
CH4, CO, CH3OH, CO2, benzene, and phenol). We mainly focused on the evolution of
volatiles from 10 %Fe-kraft lignin sample over the degradation temperature range (301000 C) under different atmospheres. TPD-MS results were plotted in 0 and the results
were summarized in Table 6.1.
Table 6.1

Evolution temperature of volatiles from decomposition of Fe-kraft lignin
samples under different atmosphere.

Volatile Evolution temperature (C) under different atmospheric gas
gases
Peak temperature (peak range) / °C
Argon
Hydrogen
Carbon Dioxide
CH4
H2
709 (466-1000) Consumption:
772(480-1000)
709(480-860);
690 (373-822)
860-1000
Evolution:8221000
CH4
235(146-398)
210.8(104-400)
361(344-409)
Consumption:
793(398-1000) 901(400-1000)
535(409-552)
510-718
776(552-1000)
718-890
890-1000
CO
235 (146-400)
210.8 (104-4000) 380 (365-422)
249(144-400)
634.6(400-684) 910 (400-1000)
422-1000
894(546-1000)
909 (684-1000)
CO2
239 (136-392)
210.8 (79-400)
Consumption: >424.7249 (119.2-400)
638(392-833.2) 672 (400-1000)
718.7 (400-974)
886 (833.2-1000)
C6H5OH 238.6 (229-456) 220 (199-260)
261(250-392)
241.6(229-469)
331(260-396)
430(396-550)
C6H6
251 (228-456)
250 (201-400)
747 (514-1000)
251(237-400)
781(533-1000) 783 (400-1000)
750(533-1000)
CH3OH 247 (201-441)
220 (130-701)
317 (236-403)
251(201-468)

6.3.1.1

H2
For the raw kraft lignin sample, one H2 evolution peak was detected from 520 °C

and reaches the maximum at 726 °C during thermal decomposition process under argon
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atmosphere. 0a showed the typical trends of vent gas during temperature-programmed
thermal treatment of the iron promoted lignin sample. For the 10 %Fe-lignin sample, H2
began to appear from 466 °C and reached the peak temperature of 709 °C during thermal
decomposition process under an argon flow. The hydrogen trend under CO2 atmosphere
was observed to appear from 480 °C, which was similar to that of argon atmosphere,
however the evolution peak was weaker and flatter, the peak temperature was shifted to
772 °C. This was caused by the reverse water-gas shift reaction (RWGSR)
(CO2(g)+H2(g) = CO (g)+H2O(g)). Part of hydrogen from the thermal cracking reaction
was consumed through RWGSR. There were two hydrogen evolution zone for the Felignin sample under methane atmosphere. The first hydrogen formation peak was the
same as that of argon atmosphere, H2 started to form from 480 °C and reached the
maximum at 709 °C during thermal decomposition process. Comparing to that of argon
atmosphere, more hydrogen was produced between 480 and 860 °C under methane
atmosphere, this was because part of hydrogen was contributed by methane reforming
reactions with CO2 and vapor which were mainly gaseous products of lignin
decomposition.
CO2 + CH4 = 2CO + 2H2
H2O + CH4 = CO + 3H2
Hydrogen intensity increased sharply between 860 to 1000 °C when the Fe-lignin
sample decomposing under a methane flow, this was because of the catalytic cracking of
methane to hydrogen and carbon with the existing of iron:
CH4  C(s) + H2(g)
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The hydrogen curve tendency under hydrogen atmosphere was different with
these of argon, carbon dioxide and methane. Hydrogen seemed to be consumed in the
temperature ranges of 373-822 °C. And an evolution hydrogen curve appeared at the
temperature above 822 °C. Radicals was generated from de-polymerization kraft lignin
by heating or catalytic treatment. These radicals would combine each other to form stable
products like aromatic macromolecules. For example, by thermal degradation lignin, it
will result in the efficient elimination of hydrogen atoms from lateral lignin molecules.
The critical part of H· atoms is formed via the cleavage of hydroxyl groups with the
production of phenoxyl radicals ArO·.
Lignin  H· + ArO·
Under hydrogen atmosphere, phenoxyl radicals ArO· will react with a hydrogen
molecular to form a phenol molecular and a hydrogen atom.
ArO· + H2  H· + ArOH
The presence of H2 generates highly reactive H radicals which can potentially
react in the lignin conversion step. Kraft lignin was thermal degraded in the temperature
range of 100-822 °C, hydrogen was consumed to form stable products like methane,
aromatics, phenols, and methanol through radical processes. While H2 was produced as –
CHx groups were decomposed at the temperature above 822 °C.
6.3.1.2

CH4
Methane evolution from decomposition of the Fe-lignin sample under an argon

atmosphere showed two maxima: the relative small and sharp peak at 200-400 °C and a
wide and strong methane peak above 400 °C. Methane released below 400 °C was mainly
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caused by the fragmentation of the side chains and demethylation of the aromatic
methoxy groups (–O–CH3) in lignin. The methane formation at the temperature above
400°C was mainly attributed to the catalytic of iron components to the cracking of
aromatic ring skeletons in kraft lignin.
The intensity of two methane evolution peaks under CO2 was lower compared to
these of argon atmosphere and the peaks moved to higher temperatures, i.e., the first peak
was tiny and located at 361 °C, and the second one was wide and flat, centered at 776 °C.
Methane evolution under CO2 was abruptly decreased when temperature was above 750
°C, this might be due to the dry reforming reaction between CO2 and methane (CO2 +
CH4 = 2CO + 2H2) since iron is a very active catalyst for this reaction.
Two CH4 peaks were observed for lignin decomposition with H2 atmosphere (0b).
The evolution profiles under H2 were similar to that of Ar, but the intensity of two
methane peaks was significant stronger than these of argon and the methane formation
peaks under hydrogen shifted to lower temperature: the first peak at around 210.8 °C
(temperature range: 104-273 °C) and a second peak at around 730 °C (temperature range:
400-1000 °C) (Table 6.1). Methyl groups were dominant lateral alkyl substituents in
lignin intermediates under hydrogen atmosphere. Therefore, the probability of formation
of ·CH3 radicals via the decay of lignin radicals was high. The·CH3 radical can be
transformed into methane, eliminating hydrogen from lignin
·CH3 + Lignin  CH4 + Lignin·

(4)

The methane evolution peak occurs at higher temperatures is related to the etching
effect of hydrogen to solid carbon. During this process, the residual carbon in lignin char
is reacting with hydrogen to produce methane.
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C(s) + H2  CH4
Methane was observed to be consumed when the heating temperature was above
510 °C for the Fe-lignin decomposition under methane atmosphere (0b), which was in
correspondence with that of methane reforming and methane catalytic thermal cracking
reactions and resulted the formation of H2, CO and carbon.

6.3.1.3

CO
CO was observed in three temperature zones for the Fe lignin sample under argon,

the sharp peak centered at 235 °C, a wide flat peak at 634.6 °C and a strong CO evolution
peak at 909 °C. The formation of CO at 235 °C was contributed through decarbonylation
of the C3 side-chain of lignin which was catalytic decomposed at the low temperature by
Fe3+ iron. The CO peak at 634.6 °C was attributed to the cracking of carbonyl (C–O–C),
while the high temperature CO peak at 909 °C was most likely attributed to the secondary
pyrolysis (thermal cracking of char residue of the kraft lignin).
Two CO evolution peaks from Fe-lignin sample were observed under hydrogen
atmosphere. The first one was a sharp peak at 210.8 °C, ranges from 104 °C to 400 °C,
the second CO peak was stronger in intensity than the first peak, from 400 to 1000 °C
with a maximum at 910 °C. CO formation peaks were found to shift to lower temperature
under a hydrogen flow. The evolution of CO was significantly enhanced by a hydrogen
flow compared to that of argon.
Two CO evolution peaks from Fe-lignin were observed under methane
atmosphere. The first one was like that of argon atmosphere with a peak temperature at
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249 °C, the second CO peak was like that of hydrogen, occurred from 546 to 1000 °C,
but the intensity of the second peak decreased comparing to that under hydrogen.
CO formation began from 365°C under CO2 atmosphere and formed a small peak
at 380 °C (0c). CO evolution from Fe-lignin decomposition under CO2 was apparently
dominated by the gasification of solid char with CO2. CO level increased with increasing
of the heating temperature from 422°C. This means that most of the lignin char residue is
consumed by the gasification reactions (Cs + CO2 = 2CO) to produce CO under CO2
atmosphere. The fixed carbon gasification reactions may cause the peaks of 28 m/z above
422 °C for lignin sample under CO2 as reaction show.
C(s)+CO2=2CO
6.3.1.4

CO2
Like the formation of CO during the decomposition of the Fe-lignin sample, CO2

was observed in three temperature zones for the Fe-lignin sample, the sharp peak
centered at 239 °C, a wide strong peak at 638 °C and a weak flat CO2 evolution peak at
886 °C. The formation of CO2 at 239 °C was contributed to decarbonylation of the
carboxyl (-COO-) and COOH groups in lignin which was catalytic decomposed at the
low temperature by Fe3+ ions. The CO2 peak at 638 °C was attributed to the cracking of
ester groups, while the high temperature CO2 peak at 886 °C was probable attributed to
the catalytic thermal cracking of char residue of the kraft lignin.
CO2 formation under hydrogen atmosphere was similar to that of argon
atmosphere (0d, and Table 6.1), however, the first peak shifted to lower temperature
under a hydrogen flow, i.e., the first peak to 210.8 °C and the second peak moved to
higher temperature, i.e., to 672 °C. The evolution of CO2 at higher temperature was
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significantly decreased under a hydrogen flow, while the first peak slightly increased in
intensity.
Two CO2 evolution peaks from the Fe-lignin sample were observed under
methane atmosphere. The first one was similar to that of argon atmosphere with a peak
temperature at 249 °C, the second CO2 peak was like that of hydrogen, occurred from
400 to 1000 °C, the intensity of the second peak was similar to that of hydrogen but
decreased significantly compared to that under argon.
CO2 was observed to be consumed when the heating temperature was above 424.7
°C under a carbon dioxide atmosphere (0d, and Table 6.1), which was in correspondence
to that of gasification of lignin and the formation of CO (0c). Thus, lignin char gasified
by CO2 made a pronounced contribution to solid mass loss during lignin decomposition
under a carbon dioxide atmosphere.
6.3.1.5

Phenol (C6H5OH)
Phenols were formed from dehydration of –OH groups in the alkyl side chain of

the lignin basic units, and the breaking down of ether bonds between these units. The
profile of phenols from decomposition of Fe-lignin under argon showed two phenol
formation zones at 228-400 °C and 400-772 °C. The first phenol formation peak at
238.6 °C was corresponded to the de-polymerization of lignin. The second phenol peak
was attributed to the hydrogenation of phenoxyl radicals ArO·. Under hydrogen
atmosphere, phenoxyl radicals ArO· will react with a hydrogen molecular to form a
phenol molecular and a hydrogen atom.
ArO· + H2  H· + ArOH
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The presence of H2 generates highly reactive H radicals which can potentially
react in the lignin conversion step. The evolution peak of phenol under hydrogen showed
a wider temperature range (199-550 °C) and three formation peaks at 220 °C, 331 °C, and
430 °C. As mentioned previously, under hydrogen atmosphere, phenoxyl radicals
ArO· reacted with a hydrogen molecular to form a phenol molecular and a hydrogen
atom, while the generated hydrogen atoms attacked a phenoxyl structure in a lignin
molecule to form phenoxyl radicals ArO·, therefore, more phenol products were yielded
under a hydrogen flow.
A narrower (between 250-392 °C) and weak phenol peak (centered at 261 °C)
was observed for CO2 atmosphere. Phenol formation figure under methane was similar
that of under argon, with a main peak at 241.6 °C.
6.3.1.6

Benzene (C6H6)
Aromatic ring groups were the main source of the aromatic hydrocarbon volatile

products during the decomposition of kraft lignin. The aromatic hydrocarbons were
formed from phenol-type compounds due to the substantial cleavage of hydroxyl groups
attached to aromatic ring. The production of typical aromatic compound  benzene
identified by on-line MS from thermal decomposition of the kraft lignin sample was
plotted in 0e. As the profile showed, the evolution of benzene from kraft lignin
decomposition under an inert atmosphere was detected over a wide temperature range of
528–938 °C, with a peak temperature at about 697 °C. The evolution of benzene for the
Fe-lignin sample was detected over two temperature zone: a weak flat peak in the
temperature range of 220–380 °C, and a strong wide peak of 510–1000 °C centered at
778 °C. The evolution of benzene under a hydrogen flow was also detected over a very
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wide temperature range of 510–1000 °C, a high intensity formation peak with maxima at
about 718 °C; benzene was observed to generated at a high, steady level when the heating
temperature is above 799 °C. A weak benzene peak at 828 °C is observed for the kraft
lignin decomposed under a CO2 flow, with a narrow temperature range (656-1000 °C). It
needed to be noted that production of benzene from kraft lignin under a hydrogen flow
was the most among these three different atmospheres. This can be explained by the
radical reaction processes during kraft lignin decomposition. First, H atom can be formed
via the cleavage of hydroxyl groups during lignin decomposition, the active H atom, can
attack an aromatic ring in a lignin molecule, then being transformed into an H-adduct.
The aromatic H-adducts are thermal unstable, it will degrade to stable aromatic molecule
and a secondary radical R· via the cleavage of a lateral C–C bond.
Lignin + H·  LigninH·(H-adduct) Aromatics + R·
6.3.1.7

Methanol (CH3OH)
Cracking the aromatic methoxy groups (CH3O-) and aliphatic –CH2OH group in

γ position of the alkyl side chains may produce CH3OH during decomposition process
of kraft lignin. The evolution of methanol for the raw kraft lignin under an argon flow
was detected over a temperature range of 351–695 °C with a peak temperature at 494 °C
(0g). The evolution profiles of methanol for iron promoted samples were different with
that of the raw kraft lignin in intensity and temperature range. The methanol evolution
peaks of the iron promoted samples were all shifted to low temperature ranges and with
much weak intensity. This can be contributed to the decomposition catalytic activity of
iron compounds to the aromatic methoxy groups (CH3O-) and aliphatic –CH2OH group
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in lignin, while light hydrocarbons (mainly methane) will be the preferred products other
than methanol for the iron promoted samples (0g). The evolution of methanol under an
argon flow is detected over a temperature range of 361–595 °C with a peak temperature
at 464 °C. The evolution profiles of methanol under hydrogen and CO2 were different
with that of argon atmosphere in intensity and temperature range. The evolution of
methanol under a hydrogen flow was detected over a very wide temperature range of
299–778 °C, a high intensity formation peak with maxima at about 443 °C; while a weak
methanol peak at 455 °C was observed for the kraft lignin decomposed under a CO2 flow,
with a narrow temperature range (395-537 °C). As the profiles show, more methanol was
generated from the hydrogen atmosphere than from argon and CO2 cases. The least
methanol was formed under a CO2 flow. This observation agreed with the evolution of
methane, C6H6 (benzene), H2S, phenols (C6H5OH), and formaldehyde (HCHO) and all
these can be explained by the hydrogen is promoting the hydrogenation reactions during
the thermal splitting of functional groups in kraft lignin. It is also noticed that the
methanol evolution peak temperatures of hydrogen and carbon dioxide shifted to lower
temperature (443 °C for hydrogen and 455 °C for CO2) compared to that of argon
atmosphere (464 °C). This can be explained by lower thermal stability of kraft lignin
under either an oxidative (CO2) or a reductive gas (H2) in comparison to inert atmosphere
(argon).
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Figure 6.1

Evolution of the volatile components from kraft lignin with argon (Ar),
hydrogen (H2), methane (CH4), and carbon dioxide (CO2) as the purging
gas:
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Figure 6.1 (Continued)
H2 (a), CH4 (b), CO (c), CO2 (d), C6H5OH (phenol) (e), C6H6 (benzene) (f), and CH3OH
(g).

6.3.2

Effect of atmosphere on catalytic decomposition of Fe-lignin
Table 6.2 listed the product yields of Fe-lignin decomposition in the fixed bed

reactor under Ar, H2, CO2 and CH4 atmospheres. As shown in Table 6.2, thermal
decomposition of Fe-lignin under argon atmosphere gave a solid carbon yield of 31.3
wt%, the solid carbon yields under CH4 and natural gas was 36.5 % and 36 %
respectively, which was the highest compared to 14.7 %, and 28.8 % obtained under CO2
and H2 atmospheres, respectively. This can be explained by the fact that more lignin
components are converted into gases or liquid products with reactive atmospheres (see
Table 6.2). Thermal decomposition of Fe-lignin under H2 atmosphere produced 19 %
liquid products (mainly water), the highest comparing to 18 %, 13.5 %, 13.2, and 10.1 %
under Ar, natural gas, methane and CO2 atmospheres, respectively. This is probably
related to the conversion of oxygen in oil fraction into water promoted under H2
atmosphere. Table 6.2 demonstrated that decomposition of Fe-lignin under CO2
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atmosphere gave gaseous phase yield of 75.2 %, the highest compared to 52.2%, 50.7 %,
50.5 % and 50.2 % under H2, Ar, natural gas and CH4 atmospheres, respectively. Thermal
decomposition of Fe-lignin under CO2 atmosphere produced the least solid carbon and
liquid products and more gaseous products than other atmospheres. This result can be
attributed to the lignin and its char are gasified by CO2 at high temperature, which can be
further proved by the highest CO yield under CO2 atmosphere.
Table 6.2

Product yields of Fe-lignin decomposition in the fixed bed reactor under
Ar, H2, CO2 and CH4 atmospheres.

Atmosphere
Argon
Hydrogen
Carbon dioxide
Methane
Natural gas

6.3.3

Solid carbon (wt%)
31.3
28.8
14.7
36.5
36

Liquid (wt%)
18
19
10.1
13.2
13.5

Gas (wt%)
50.7
52.2
75.2
50.3
50.5

Characterization of solid residue

6.3.3.1

X-ray diffraction (XRD)
Figure 6.2 showed the XRD patterns of the solid residues of the 10 % Fe-lignin

thermal treated at 1000 C under different atmospheres. The type of atmosphere, the
presence of alloying elements (carbon) and the heat treatment temperature influenced the
phase composition and microstructure of the formed solid residues of the Fe-lignin
samples.
Figure 6.2a showed the XRD pattern of the Fe-Lignin sample under an argon flow
at 1000 C. The diffraction peaks contributed by α-Fe (at 44.6°, 65.0° and 82.3°) and γFe (peaks at 43.6°, 51.0° and 75.1° (pdf#98-000-0258)) phases were observed. Three
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peaks at 43.50°, 50.64°, and 74.36 ° that corresponded to the -iron (111), (2 0 0) and (2 2
0) planes. The peaks 37.75 °, 40.7 °, 42.6 °, 43.75 °, 44.56 °, 44.94 °, 45.86 °, 49.12 °,
and 57.8 ° were assigned to cementite, Fe3C with correspondence planes of (1 2 1), (2 1
0), (2 0 1), (2 1 1), (1 0 2), (2 2 0), (0 3 1), (1 1 2), and (2 2 1), respectively (PDF#00035-0772).
The pattern of the Fe-lignin sample thermal treated with hydrogen had peaks at
about 43.6°, 51.0° and 75.1°, all of which were characteristic of -iron (austenite). The
Fe-lignin sample thermal treated under hydrogen also had peaks at about 44.5° and 65°,
both of which corresponded to a-Fe. The difference between the samples from argon and
hydrogen, was that no Fe3C peaks detected for the sample produced under H2
atmosphere. Hydrogen is well known for its deleterious effect on the mechanical
properties of metals and alloys. With the existing of H2, Fe3C is decarburized by
hydrogen through the methane formation reaction: Fe3C + 2H2  3Fe + CH4. The
activity of carbon in Fe3C was reported to be much higher than that in iron phases, it is
more rapidly for hydrogen to react with carbon in Fe3C than that dissolved in -Fe.
Therefore, with the existing of hydrogen, the decarburization rate is greater in the case of
cementite than that of α-Fe and γ-Fe. Carbon in alloys with iron is more stable with
hydrogen than is cementite, with is an endothermic compound. Hydrogen reacts with
cementite and carbon through the following reactions:
Fe3C + 2H2  3Fe + CH4
C + 2H2  CH4
There was also a tiny peak at 26.55 ° which corresponds to graphite (002)
(PDF#00-056-0160) plane observed from the sample under hydrogen atmosphere. This is
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because methane content increases along the Fe-lignin sample bed in the reactor.
Hydrogen dominates the atmosphere in the inlet of the sample bed, while methane
concentration is increasing gradually along the sample bed in the reactor due to the
decarburization and hydrogen attacking carbon reactions. There is an equilibrium of C
(graphite)-CH4-H2 system in the reactor, graphene (or graphite) structures will form in
the solid residue, especially in the outlet of the sample bed.
The XRD pattern of the Fe-Lignin sample under methane at 1000 C (Figure
6.2c) showed three peaks at 43.50°, 50.64°, and 74.36 ° that corresponded to the -iron
(111), (2 0 0) and (2 2 0) planes (PDF#98-000-0258). The peaks 37.75 °, 40.7 °, 42.6 °,
43.75 °, 44.56 °, 44.94 °, 45.86 °, 49.12 °, and 57.8 ° are assigned to cementite, Fe3C with
correspondence planes of (1 2 1), (2 1 0), (2 0 1), (2 1 1), (1 0 2), (2 2 0), (0 3 1), (1 1 2),
and (2 2 1), respectively (PDF#00-035-0772). There are a few reactions occurring under
methane atmosphere:
3Fe + CH4  Fe3C + 2H2
CH4  C (γ− Fe) + 2H2
The stability of methane at heat treating temperatures must be considered. There
was a peak at 26.55 ° which corresponds to graphite (002) (PDF#00-056-0160) plane
observed for the sample of methane atmosphere, and this showed that the graphene
structure was formed after the thermal treated at 1000 C. Similar solid products were
obtained under natural gas (NG) atmosphere since methane consists ~95% of NG in
volume.
Figure 6.2e showed the XRD pattern of the Fe-Lignin sample under CO2
atmosphere at 1000 C, beside the diffraction peaks to -Fe, -Fe, and Fe3C, five
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diffraction peaks at 30.2°, 35.5°, 43.1°, 56.9° and 62.7° were detected, which
corresponded to the diffraction peaks of (2 2 0), (3 1 1), (2 0 8), (5 1 1) and (4 4 0) of
Fe3O4 (JCPDS 85-1435). This indicated that the solid residue of the Fe-Lignin sample
under CO2 atmosphere at 1000 C contained Fe3O4 particles. Iron oxides are typical
products on the surface of the Fe-lignin sample under CO2 atmosphere:
CO2 + Fe  Fe3O4 + CO
CO2 + Fe3C  Fe3O4 + CO
TPD-MS results showed that most of the lignin char residue was consumed by the
gasification reactions (Cs + CO2 = 2CO) to produce CO under CO2 atmosphere. The
following carburization reactions happened when CO dominated the gas atmosphere,
3Fe + 2CO  Fe3C + CO2
2CO  C (γ− Fe) + CO2
Based on a calculation by Scherrer equation (Table 6.3), the crystallite size of
Fe3O4 in the sample was 41.6 nm.
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Figure 6.2

XRD patterns of iron-promoted kraft lignin sample thermal treated at
1000C for 1 hour under different atmospheres: (a) argon; (b) hydrogen; (c)
methane; (d) natural gas; and (e) carbon dioxide.

The mean particle size, L was calculated for the most intense diffraction peaks of
each metal using the Scherrer formula; The results were shown in Table 6.3.
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Table 6.3

Particle size of samples from different carrier gases

Atmosphere

Crystal phase
-Fe
Ar
-Fe
Fe3C
-Fe
H2
-Fe
-Fe
-Fe
CO2
Fe3C
Fe3O4
-Fe
-Fe
CH4
Fe3C
Graphene
-Fe
-Fe
NG
Fe3C
Graphene
Note: “*” means graphene thickness.

6.3.3.2

Particle size
11.3
23.3
32.8
16
35.2
15.1
23.2
29.2
41.6
43.4
65.5
36.2
9.9
16.5
44.1
73.5
6.7

Raman
The Raman spectra can identify the presence of the graphite and disordered

amorphous carbon in the samples. Figure 6.3 showed the Raman spectrum of thermal
treated samples of Fe-kraft lignin under different atmosphere. It was notable that the
atmosphere had no influence on the position of peaks in Raman spectra. However, the
atmosphere affected the graphitization degree of the samples. The effects of different
atmosphere on the degree of graphitization, preferred orientation, and crystalline size of
graphite were listed in Table 6.4. The La value was estimated from the Cançado equation.
The values of ID/IG decreased with the order of H2 < CO2 < Ar < CH4 < NG, an increase
in the uniformity of carbonaceous structure, i.e., as the degree of graphite increased with
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the order of H2 < CO2 < Ar < CH4 < NG. From Table 4, it can be also found that the
crystalline size of graphite increase with the order of H2 < CO2 < Ar < CH4 < NG.

Figure 6.3

Raman spectra for different purge gases.

Table 6.4

Fitting results of different purge gases.

Gas
NG
CH4
Ar
H2
CO2

6.3.3.3

Id/Ig
1.06
1.1
1.29
1.46
1.45

(Id+g)/2D
0.31
0.33
0.4
0.46
0.5

La (nm)
18.15
17.51
14.87
13.19
13.29

SEM
The SEM images of the Fe-lignin sample under argon atmosphere demonstrated a

very fine powder structure (Figure 6.4). This sample was composed of small particles at
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low magnification (Figure 6.4a). At high magnification, it was observed that the sample
was composed of nanoparticles (Figure 6.4b). Spherically shaped particles with a uniform
particle size were observed for the product. These particles had sizes between 5 to 10 nm.
XRD result proved these nanoparticles were composed of -Fe, iron carbide and
graphene.

Figure 6.4

SEM images of iron-promoted kraft lignin sample thermal treated at
1000C under an argon flow for 1 hour.

Figure 6.5 showed SEM images of solid sample produced under a hydrogen flow.
It showed porous structures mixed with nanoplates were formed in the solid sample
(Figure 6.5a). The nanoplates had sizes of 100nm-1m with an overall thickness of
approximately 1-10 nanometers (Figure 6.5b). XRD results demonstrated these plates
were graphene sheets.
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Figure 6.5

SEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a hydrogen flow for 1 hour.

The morphologies of the Fe-lignin sample produced under CO2 atmosphere were
different with the samples from argon and hydrogen (Figure 6.6). At low magnification,
the surface of the sample treated under CO2 were smooth and a layer of nanoparticles
dispersed homogeneously over the sample surface (Figure 6.6a). At high magnification, it
was found that the size of nano-particles ranges from 10 nm to 100 nm (Figure 6.6b).
XRD results proved these were Fe3O4 nanoparticles formed through the oxidation process
on the surface of the Fe-lignin sample.
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Figure 6.6

SEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a dioxide oxide flow for 1 hour.

The surface morphologies of the solid product under methane were illustrated in
Figure 6.7. The product had a typically folded and wrinkled sheet structure. XRD results
proved these were multi-layer graphene nanoplatelets. These graphene nanoplates
consisted of several sheets of graphene with an overall thickness of approximately 1-10
nanometers depending on the controllable process conditions. The product under a
natural gas flow showed a similar morphology to that under methane atmosphere (Figure
6.8).
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Figure 6.7

SEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a methane flow for 1 hour.

Figure 6.8

SEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a natural gas flow for 1 hour.

6.3.3.4

HRTEM
Figure 6.9-Figure 6.13 displayed TEM images of the catalytic thermal treated Fe-

kraft lignin samples under different atmospheres. Small and uniformly distributed iron
particles were observed in the sample produced under argon (Figure 6.9). HRTEM
images of the sample showed the nanoparticles in the sample were core-shell structure
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with the diameter of the core nano-spheres were approximately 3 - 5 nm. The carbon
shells exhibited ordered planes of the graphene structure were observed with 2-10 layers
(Figure 6.9b and Figure 6.9c). As shown in HRTEM image (Figure 6.9a), Fe@C with
uniform particle size were homogenously embedded in the amorphous carbon framework
(gray matrix).

Figure 6.9

HRTEM images of iron-promoted kraft lignin sample thermal treated at
1000C under an argon flow for 1 hour.

Figure 6.10 showed bright-field HRTEM images of thermally treated Fe-kraft
lignin sample under H2. Core-shell nanoparticles were the main products in the sample
(Figure 6.10a). Nano iron particles were trapped loosely graphene shells (Figure 6.10b).
The lattice space of the dark particle was measured (Figure 6.10d), to be 0.208 nm, which
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corresponding to (111) interlayer space of γ-Fe. HRTEM image also showed the
formation of graphene nanosheet in the sample under hydrogen (Figure 6.10c).

Figure 6.10

HRTEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a hydrogen flow for 1 hour.

TEM images of the sample produced under CO2 atmosphere were shown in
Figure 6.11. Sphere or rectangle shaped nanoparticles were observed in this sample
(Figure 6.11d), these particles were usually encapsulated in 1 to 2 layers’ graphene
(Figure 6.11b, c and d). Figs. 6.11c and d show Fe3O4 was composing the top layer of
core particle, more than 95 % of the particles were ranged from 5 to 12 nm.
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Figure 6.11

HRTEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a carbon dioxide flow for 1 hour.

Multi-layer graphene nanoplatelets refers to the graphene nanoplates consist of
several sheets of graphene with an overall thickness of approximately 1-10 nanometers
depending on the controllable process conditions. Figure 6.12 showed the HRTEM
images of Fe-Lignin sample carbonized at 1000 ℃ under methane atmosphere. For the
Fe-Lignin sample carbonized with CH4, the product contained many graphene sheets as
shown in the Figure 6.12a and b. Figure 6.12b demonstrated the graphene sheets
contained 3-10 layers. As shown in the Figure 6.12c and d, the iron carbide was loosely
encapsulated by 3-5 layers’ graphene shells. HRTEM images (Figure 6.13) of the sample
produced under natural gas showed the similarly results of the sample under methane.
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Figure 6.12

FHRTEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a methane flow for 1 hour.
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Figure 6.13

6.4

HRTEM images of iron-promoted kraft lignin sample thermal treated at
1000C under a natural gas flow for 1 hour.

Conclusions
Kraft lignin was catalytic graphitized by iron at 1000 °C in argon, hydrogen,

methane, CO2 and natural gas atmospheres. The presence of methane (or natural gas)
during catalytic thermal treatment process significantly accelerates the formation of
graphene materials such as multi-layer curved or flatten graphene sheets, multi-layer
nano-graphene shell bonded chains, and fluffy graphene. Hydrogen has a similar effect,
but lesser graphene-based materials in the product. Carbon dioxide in the ambient gas
phase seems to tardy the graphitization of lignin, lignin char was gasified to CO, and
catalyst was left as iron oxide particles in the products. Multi-layer grapheneencapsulated iron nanoparticles were the main product in the case of argon.
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CHAPTER VII
CATALYTIC THERMAL MOLECULAR WELDING METHOD FOR
SYNTHESIZING MULTI-LAYER GRAPHENE MATERIALS
FROM GRAPHENE ENCAPSULATED
METAL PARTICLES
7.1

Introduction
Mechanical cleaving (exfoliation) [1], chemical exfoliation [2], chemical

synthesis [3], and thermal chemical vapor deposition (CVD) synthesis [4] are commonly
used methods today for graphene synthesis. By far the most successful route to synthesize
graphene is chemical vapor deposition (CVD) [4]. Thermal CVD is commonly applied to
graphene formation over transition metals, including copper [4], nickel [5], iridium [6],
and ruthenium. Thermal CVD techniques can also be used for graphene synthesis over
dielectrics, and various other oxides. The CVD graphene process is limited to the use of
gaseous raw materials, making it difficult to apply the technology to a wider variety of
potential carbon precursors, especially solid carbon resources. Challenges of sustainable
development have driven people to find facile, environmental friendly ways to produce
carbon-based nanomaterials. The abundant and low-cost carbon sources from biomass are
the easily obtained raw carbon precursors for value-added carbonaceous nano materials
production. Limited study has been reported on the use of wood or annual agricultural
biomass as the carbon sources for graphene materials production. In the previous four
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chapters (Chapters III-VI), we tried to synthesize graphene materials from kraft lignin,
however, the main structures in the solid products are carbon (graphene)-encapsulated
metal nanoparticles. Carbon-encapsulated metal nanoparticles have been reported as new
type of nanostructured materials in recent years. The nanoparticles have a typical coreshell structure of metal cores surrounded by multilayer carbon shells that have an average
interplanar distance of 0.34nm (Fig. 7.1) [7].

Figure 7.1

Typical carbon-encapsulated iron nanoparticles prepared from a Fe-kraft
lignin sample

Carbon-encapsulated metal nanoparticles have been synthesized by hightemperature annealing (HTA) [8], arc discharge or modiﬁed arc discharge [9], chemical
vapor deposition (CVD) [10], electron beam irradiation [11], pyrolysis of organometallic
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compounds [12], microwave arcing [13], hydrothermal carbonization (HTC) [14], and
explosion or detonation [15]. High-temperature annealing (HTA) is one simple and
efﬁcient method for high-volume production of carbon-encapsulated metal nanoparticles.
Graphene-encapsulated metal nanoparticles (GEMNs) can be achieved after
carbonization the carbon-encapsulated metal nanoparticles at 700-1000C (Fig.7.2).

Figure 7.2

7.2

Schematic illustration for the synthesis of graphene-encapsulated metal
nanoparticles (GEMNs) from biomass resources.

New concept design and a catalytic thermal molecular welding (CTMW)
method
It is easy to produce graphene-encapsulated metal nanoparticles from biomass

resources; however, the main goal of this work is to synthesize graphene materials from
kraft lignin. Can we have a hypothesis that there is a way to peel the graphene shells from
metal cores? A new concept is proposed in this part to produce graphene-based materials
from solid carbon resources by tailoring graphene-encapsulated metal nanoparticles. Two
stages are included in the theory, i.e., graphene-encapsulated metal nanoparticles are
formed first, then the core-shell structures are opened by ‘scissoring molecules’, the
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cracked carbon shells are simultaneously welded and reconstructed to multilayer
graphene materials with the assistant of ‘welding molecules’ under high temperature
(Fig.7.3).

Figure 7.3

The proposed concept to produce graphene-based materials from solid
carbon resources by tailoring graphene-encapsulated metal nanoparticles

This proposed concept has been developed and validated to synthesize graphenebased materials using natural carbon resources like lignin, cellulose, wood char,
saccharides, wood chips and other biomass materials through a catalytic thermal
molecular welding (CTMW) method. CTMW technique is a single step process with two
stages, i.e., in the first stage, carbon-encapsulated transitional metal nanostructures are
prepared. Then in the second stage these carbon-encapsulated transitional metal
structures are opened by the ‘scissoring gas agents’ like H2, H2O, CO2, and CH4 (Fig.7.4),
the cracked carbon shells are welded or reconstructed to multilayer graphene materials
under high temperature with selected welding reagent gases like light hydrocarbons
(methane, ethane, propane, natural gas, etc.) and hydrogen (Fig. 7.5).
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Figure 7.4

Scheme of scissoring a carbon-encapsulated metal nanoparticle

Figure 7.5

Scheme of welding and reconstructing of the cracked graphene nanoshells

7.3

Definitions
Unless otherwise stated, the following terms used in this work have the

definitions given below.
The term “catalytic thermal molecular welding (CTMW)” process as used here
refers to a single step process with two reaction stages: carbon-encapsulated transitional
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metal structures are first formed by thermal treatment of transitional metal-promoted
lignin resources, followed by these carbon-encapsulated transitional metal structures are
opened by scissoring reagent molecules, then the cracked carbon shells are welded and
reconstructed to form multi-layer graphene-based materials under high temperature with
selected welding reagent gases like light hydrocarbons (methane, ethane, propane, natural
gas, etc.) and hydrogen.
The term “scissoring reagent molecules” as used in this work refers these reactive
gaseous molecules which have the capability to peel the graphene shell off the carbonencapsulated core-shell structures under CTMW reaction conditions.
The term “welding reagent molecules” as used in this work refers these reactive
gaseous molecules which have at least four functions under CTMW reaction conditions:
1.) Weld or glue the smaller graphene shell pieces derived from lignin feedstocks like
kraft lignin; 2.) React amorphous carbons in lignin feedstocks to form gaseous carboncontaining molecules, and then followed by re-deposition to form multi-layer graphenebased materials; 3.) Heal the defect of the graphene materials formed from lignin
feedstocks like lignin; and 4.) Be the part of welding reagents serving directly as a
reactant to form carbon nano structures (carbon nanotubes, graphene).
The term “carbon-encapsulated metal nanoparticle” refers to a core/shell structure
composed of a metal core and a carbon shell (Fig.7.1). The metal core may be composed
of metal or metal carbide or both. The core size has a diameter range of 2-20 nm, mostly
in the range of 3-5nm. The outer shell is composed of more than one layer of carbon
atoms, and arranged in a hexagonal crystalline structure with a graphitic type of bonding,
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while has 1-30 number of such single layer structure, mostly the shell has 2-10 number of
single layer structure.
The term “multi-layer graphene-based materials” (Fig.7.6a) refers to materials
composed of more than one layer of carbon atoms, and arranged in a hexagonal
crystalline structure with a graphitic type of bonding, while has limited number of such
single layer structure.
The term “fluffy graphene” (Fig. 7.6b) refers to the carbon-based nanomaterial
which is a two-dimensional graphitic sheet. It is made up of 1 to 30 layers of graphene.
Its average thickness is one nanometer or less. Dimensions in plane of the carbon
nanomaterials vary from hundreds of nanometers to a few microns controlled by process
conditions.
The term “multi-layer graphene chains” (Fig. 7.6c) refers to the carbon-based
nanomaterial which is a one-dimensional graphic structure. It is formed by “gluing” of
hundreds of multi-layer graphene chips along the perpendicular direction of the
hexagonal plane. The multi-layer graphene chips are made up of 1 to 30 layers of
graphene. Its average thickness is one nanometer or less. Dimensions in plane of the
multi-layer graphene-based chips vary from several of nanometers to twenty nanometers.
The length of the multi-layer graphene chain varies from hundreds of nanometers to over
ten microns depending on controllable process conditions.
The term “multi-layer graphene nanoplatelets” (Fig. 7.6d) refers to the graphene
nanoplates consist of several sheets of graphene with an overall thickness of
approximately 1-10 nanometers depending on the controllable process conditions.
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The term “welded multi-layer graphene-based materials (flatten flake-like or
curved shell-like” (Fig. 7.6e) refers to the carbon nanomaterial which has a threedimensional graphitic structure. It is made up of multi-layer graphene shells interconnected with a common multi-layer graphene base. The shells are composed with 1-30
layers’ graphene with an average size of 3-10 nm, the average thickness of the shell is 5
nm or less. The average thickness of the base is 5 nm or less. Dimensions in plane of the
graphene base varies from hundreds of nanometers to a few microns depending on
controllable process conditions.
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Figure 7.6

HRTEM images of multi-layer graphene-based materials

(a), fluffy graphene (b), multi-layer graphene chains(c), multi-layer graphene
nanoplatelets (d), and welded multi-layer graphene-based materials (flatten flake-like or
curved shell-like) (e).
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7.4
7.4.1

Experimental
Precursor preparation
300 grams of kraft lignin was first added to 300 mL tetrahydrofuran in a 2000 mL

glass beaker and the lignin-tetrahydrofuran mixture was stirred for 2 hours. 246.0 grams
of Iron (III) nitrate nonahydrate was added to 100 mL DI water in a 500-mL glass beaker
and the Iron nitrate-water mixture was stirred until iron nitrate was dissolved completely.
The Iron nitrate solution drop-like (~ 2 mL/min) was added to the lignin-tetrahydrofuran
mixture. The final mixture was stirred for 2 hours, followed by keeping it at room
temperature for 24 h and oven-drying at 110 °C for one day.
7.4.2

Pretreatment of precursors
One hundred fifty grams (150g) of the dried iron- lignin sample from the previous

step was thermally treated using a muffle furnace. The inert carrier gas – either argon or
nitrogen was first introduced into the furnace at a flow rate of 80 mL/min for 30 minutes.
The furnace was temperature-programmed with a rate of 2.5°C /min to 300 °C and kept
at 300 °C for 2 hours. The furnace was turned off and the samples were allowed to cool
to ambient temperature naturally. Then the cooled sample was loaded into a ball mill
machine and ground in 1000 rpm for 30 minutes.
7.4.3
7.4.3.1

Production of graphene nanomaterials through catalytic thermal
molecular welding (CTMW) process
Effects of heat treating temperature
Effects of different heating temperatures – 500, 600,750, 850, 900, 950 and

1000°C on graphene material yields were evaluated. Fifty grams (50g) of pretreated Felignin sample were packed in the middle of a 2-inch OD ceramic tubular reactor in each
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run. The welding gas (50 mL/min argon and 80mL/min methane) was introduced into the
reactor. The reactor was temperature-programmed with a heating rate of 10°C /min to the
desired heating temperature and kept at that temperature for 1 hours. The furnace was
cooled down by 10°C /min to room temperature.
7.4.3.2

Effects of thermal treatment time
Fifty grams (50g) of Fe-lignin sample were packed in the middle of a 2-inch OD

ceramic tubular reactor in each run. The welding gas was introduced into the reactor. The
reactor was temperature-programmed with a heating rate of 10 °C /min to 1000 °C and
kept at 1000 °C for 0, 0.5,1, 3, or 5 hours. The furnace was cooled down by 10°C /min to
room temperature.
7.4.3.3

Effects of precursor particle sizes
The pretreated Fe-lignin sample was separated to different size:  44, 44-125,

125-177, 177-250, 250-420 m. Fifty grams (50g) of each of five size samples were
packed in the middle of a 2-inch OD ceramic tubular reactor in each run. The welding gas
was introduced into the reactor. The reactor was temperature-programmed with a heating
rate of 10°C/min to 1000°C and kept at 1000°C for 1 hour. The furnace was cooled down
by 10°C /min to room temperature.
7.5
7.5.1

Results and discussion
Cracking the core-shell structures by scissoring reagents and the
formation of multi-layer graphene units
Highly stable carbon-encapsulated metal nanoparticles were produced by thermal

decomposition Fe-lignin precursors at high temperatures. The nanoparticle model was
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created based on the results of SEM, HRTEM and XRD from Chapters III-VI. This
model has a -iron core, with a -iron phase layer, a carbide interface layer and an outer
graphite shell. The -iron core/-iron/cementite/carbon shell nanocomposite is illustrated
in Fig. 7.7.

Figure 7.7

Illustration of the -iron core/-iron/cementite (Fe3C) /multi-layer graphene
shell nanoparticle formed from Fe-lignin precursors.

The purpose of current work is to produce graphene materials from kraft lignin,
while carbon-encapsulated metal nanoparticles are the main product by catalytic thermal
treating kraft lignin under inert atmospheres. To produce graphene materials, one of the
straight concepts is to trim the graphene shells from the metal cores, then use these
cracked graphene shells as building blocks to make different graphene-based materials.
According to Fig.7.7, there are three strategies to open and trim off the shell from iron
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core: i.) attack to the outer shell (carbon); ii.) attack to the interface layer between shell
and core; iii.) attack to the whole core structure.
The graphene (Cg) outer shells can be cracked by reactive molecules H2, CO2 and
H2O through the following reactions at high temperature:
Cg + 2H2  CH4
Cg + H2O  CO+ H2
Cg + CO2  2CO
However, the graphene shell will be etched by hydrogen, steam, and carbon
dioxide at high temperature in this process and the quality and the yield to graphene
products is decreased.
The second method is to decarburize the Fe3C interface layer and the -iron sublayer. Under certain temperature and gas partial pressure, scissoring molecules permeate
through carbon shells and react with iron carbide (Fe3C) and -iron:
Under hydrogen atmosphere, hydrogen atoms diffuse to and react with cementite
and carbon in -iron through the following reactions:
Fe3C + 2H2  3Fe + CH4
C(-iron) + 2H2  CH4

The activity of carbon in Fe3C was reported to be much higher than that in iron
phases, it is more rapidly for hydrogen to react with carbon in Fe3C than the carbon
dissolved in -Fe [16]. Therefore, with the existing of hydrogen, the decarburization rate
is greater in the case of cementite than that of α-Fe and γ-Fe. Carbon in alloys with iron is
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more stable with hydrogen than is cementite, which is an endothermic compound. Fe3C
in the interface of the core-shell particles is first and quickly decarburized by hydrogen to
iron phase and carbon is released as methane (CH4). While carbon in -iron is relative
stable comparing that of Fe3C, it is slowly decarburized to form methane, the pressure of
the methane, which cannot diffuse from the iron layer formed from decarburization of
Fe3C, may exceed the cohesive strength of the iron core and cause interlayer fissuring
between original Fe3C and -iron layers. With fissuring, part of methane generated during
decarburization is decomposed over surface iron atoms to graphene and hydrogen; this
can interpret why there are 2-3 layers of graphene inside the iron cores (Fig.7.9a and b):
CH4 (decarburized)  C (graphene in fissuring) + 2H2
Under CO2 atmosphere, cementite and carbon in -iron as well as Fe are oxidized
to Fe3O4, and CO:
CO2 + Fe3C  Fe3O4 + CO
CO2 + Fe  Fe3O4 + CO
C(-iron) + CO2  2CO
CO2 is a strong oxidant at high temperature, graphene-encapsulated iron
nanostructures are destroyed (Figs.7.9c and d). Therefore, CO2 is not a good option as
the scissoring reagent. Similar to the case of hydrogen, the pressure of the CO from
decarburization reactions, which cannot diffuse from the iron phase, surpasses the
cohesive strength of the iron and generate holes/cracks in iron particles. Within cracks,
Boudouard reaction (2CO = CO2 + C) occurs, CO is decomposed to graphene and CO2
over iron; 2-3 layers of graphene were observed inside the iron cores (Fig. 7.8).
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Figure 7.8

TEM images of the cracked of graphene-encapsulated iron nanoparticles
under CO2 atomosphere

There are a few reactions occurring under methane atmosphere: CH4 is
catalytically decomposed to graphene and H2, methane can also react with iron to form
Fe3C, and part of carbon atoms from methane will diffuse into  and  iron phases.
CH4  C (graphene) + 2H2
3Fe (-iron) + CH4  Fe3C + 2H2
CH4  C (γ-iron) + 2H2
CH4  C (-iron) + 2H2
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With more carbon deposited between carbon shell and iron core, the iron core will
expand in volume, then the carbon shell is cracked by the enlarged core (Figs 7.9e and f).
Of these three ‘scissoring reagent gases’, both hydrogen and carbon dioxide are
destructive since these two gases have strong etching effects on graphene structures.
While methane is a constructive ‘scissoring reagent’ since it can crack the shell while no
etching problem to graphene structures. Similarly, natural gas (NG) is also a positive
‘scissoring reagent’ since methane consists ~95% of NG in volume (Figs 7.9g and h).
Therefore, methane is selected as the ‘scissoring molecule’.
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Figure 7.9

TEM images of the cracked of graphene-encapsulated iron nanoparticles
using different ‘scissoring molecules’: H2 (a, b), CO2 (c, d), CH4 (e, f) and
NG (g, h).
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7.5.2

Welding reagents and welding modes
Welding has been served as an important skill for connecting/fixing metal

structure in human history. Welding technique has also been used for joining/merging
nanomaterials like nanoparticles, nanowires, nanotubes, nanofibers under conditions such
as heating, irradiation, etc. These physical welding processes can mainly produce nanostructured materials with low yield and selectivity. We discovered a catalytic thermal
molecular welding (CTMW) process to produce multi-layer nano-shell structure-based
graphene materials from biomass feedstocks. The CTMW process is a single step process
with two reaction stages: multi-layer graphene-encapsulated transitional metal structures
are first formed through thermal treatment of a transitional metal-promoted biomassbased (such as lignin) precursor, followed by the second stage at which formed multilayer graphene-encapsulated transitional metal structures are opened, the cracked
graphene shells are welded and reconstructed to multilayer graphene materials under high
temperature with selected welding reagent gases like light hydrocarbons (methane,
ethane, propane, natural gas, etc.) and hydrogen. There are several welding modes to
reconstruct the graphene shell building blocks as showing in Fig. 7.10, and the resulting
structures are multi-layer graphene-based materials such as multi-layer graphene chains,
multi-layer graphene nanoplatelets, and welded multi-layer graphene-based materials
(flatten flake-like or curved shell-like) (Fig. 7.11).
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Figure 7.10

Scheme of different welding modes between multi-layer graphene units
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Figure 7.11

SEM and TEM images of the multi-layer graphene-based materials such as
fluffy graphene (a, b), multi-layer graphene chains (c, d), multi-layer
graphene nanoplatelets (e, f), and welded multi-layer graphene-based
materials (flatten flake-like or curved shell-like) (g, h).
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7.5.3
7.5.3.1

Effect of process variables on product
Effect of heating temperature
It has been noticed that the product structures from kraft lignin is dependent on

the growth parameters such as reaction temperature, catalyst loading, reaction gas, etc. A
strict control of growth conditions allows us to improve the selectivity and yield to multilayer graphene materials from kraft lignin. However, there are no systematic studies on
the effect of temperature on the growth of multi-layer graphene materials from kraft
lignin.
Figure 7.12 showed XRD patterns of the 10 % Fe/ lignin mixtures after thermal
carbonization at different temperatures. Based on the XRD pattern, iron was reduced into
FeO at 500 °C, iron was reduced to α-Fe at 600 °C, however, these iron nanoparticles
were too active to stay in the air, and they were burnt to iron oxides when the sample
bottle was open. When the temperature was increased to 700 °C, the α-Fe was partly
transformed to γ-Fe, and these nano particles were stable in the air (XRD pattern was not
shown here), this might be due to iron particles were encapsulated in carbon shells.
Further increasing the temperature to 750 °C, most of the iron was converted to Fe3C. As
the temperature was going up to 900 °C, the material mainly showed the strong Fe3C
diffraction peaks. When the temperature increased to 950 °C, the diffraction peak at
around 26.5° appeared for the product materials besides of the Fe3C peaks indicated that
graphene material formation. Stronger graphene diffraction peak was observed for the
1000 °C sample.
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Figure 7.12

XRD patterns for carbonized 10 % Fe- lignin mixtures at different
temperatures

Fig.7.13 illustrated the SEM images of Fe-lignin samples thermal treated at
different temperature. SEM images showed that nanoparticles were the majority products
for samples of 500 to 800 ºC, while nanoplates composed of the sample at 1000 ºC.
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Figure 7.13

SEM images of the samples treated at different temperatures.

HRTEM images of the samples treated at different temperatures were showed in
Fig. 7.14. Figure 7.14a indicated that the γ-Fe2O3 nanoparticles were tightly encapsulated
in amorphous carbon for the sample produced at 500 ºC. Figure 7.14b illustrated the
carbon encapsulated α-Fe nanoparticles at 600 ºC. Figure 7.14c showed iron
nanoparticles were embedded in 2-3 layers of graphene at 700 ºC. As the temperature
reached to 750 ºC, iron nanoparticles became to multilayer graphene-encapsulated iron
nanoparticles (MLGEINs) with a light color shell (corresponding to graphene layers) and
dark core (corresponding to the iron core) as shown in Figure 7.14d. The size of iron
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particles was significantly increased to 30-80 nm (Figure 7.14f) when the temperature
increased to 900 ºC, and the core-shell structures were cracked, graphene shells were
skinned off the iron cores. Fig. 7.14g demonstrated the formation of graphene materials
and the separation of iron particles from graphene structures.

Figure 7.14

7.5.3.2

TEM images of the samples treated at different temperatures.

Effects of thermal treatment time
Effects of different thermal treatment times – 0, 0.5,1, 3, and 5 hours, on graphene

material yield were evaluated. Figs.7.15-7.17 demonstrated XRD, SEM, and TEM results
of the products under different thermal treatment time. The results showed the geometry
size and thickness of the graphene materials increased with increasing of heating time.
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Figure 7.15

XRD patterns of the products with different heating time.
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Figure 7.16

SEM images of the products with different heating time.
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Figure 7.17

7.5.3.3

TEM images of the products with different heating time.

Effects of precursor particle sizes
Our experiment results showed that better product was obtained if the loaded

precursor with proper particle size. During catalytic thermal carbonization lignin process,
the catalyst particles were interacting with carbonaceous species around them, as long as
the catalyst particles were trapped by the condensed carbon, the mass transfer of gaseous
volatiles like CO and methane were limited to contact with these catalyst particles, which
lead to the graphene growth be stopped. The concept of catalytic thermal molecular
welding also needs optimized particle size since more catalyst particles are exposed to
methane with is the welding molecular to promoting the formation of graphene materials.
Fe-lignin precursor sample was separated to different size:  44, 44-125, 125-177, 177247

250, 250-420 m. Figs.7.18-7.19 demonstrated XRD, SEM, and TEM results of the
products with different precursor particle size. The results showed the geometry size and
thickness of the graphene materials decreased with increasing of precursor particle size.

Figure 7.18

XRD results of the products with different precursor particle size.
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Figure 7.19

SEM and TEM images of the products with different precursor particle
size.
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7.6

Conclusions
Multi-layer based graphene materials were synthesized from lignin resources

using the CTMW (catalytic thermal molecular welding) method over a fixed bed reaction
system, a single step process with two stages, i.e., in the first stage, multi-layer grapheneencapsulated transitional metal structures were formed through thermal treatment of
transitional metal-promoted lignin resources, and then in the second stage, these
graphene-encapsulated transitional metal structures were cracked and opened to multilayer graphene shell-like structures, and these shell-like structures were welded and
reconstructed to form multilayer graphene-based materials (fluffy, chain, multi-layer
graphene nanoplatelets, flatten or curved sheet-like) under high temperature with selected
welding reagent gases. The influences of heating temperature, heating time, and Fe-lignin
precursor particle size on the yield of multi-layer nano-shell structure-based graphene
materials produced from lignin resources were investigated. The idea welding
temperatures were found at least 1,000°C, with heating time ranged from 0.5-1 hour. The
selected welding gases were methane (CH4), and natural gas (NG). The optimized Felignin precursor particle size was examined between 125 to 250 microns (m).
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CHAPTER VIII
CONCLUSIONS
8.1

A scalable manufacturing process
The present work developed a scalable manufacturing process for catalytic

thermal conversion of lignin resources to multi-layer graphene-based materials like multilayer graphene, and graphene-encapsulated metal or metal carbide nanoparticles
(Fig.8.1). The process includes preparation of catalyst-lignin precursors, pretreatment of
precursors, and a catalytic thermal molecular welding (CTMW) method of making the
multi-layer graphene-based materials from different lignin resources.
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Figure 8.1

8.1.1

Schematic illustration for the synthesis multi-layer nano-shell structurebased graphene materials from lignin resources through catalytic thermal
molecular welding method.

Preparation of precursors
The process of a catalytic graphitization of kraft lignin to multi-layer graphene-

based materials using transitional metals as the active catalyst components is proposed.
Transitional metals are classified into three groups per their reactivity with carbon: (i)
Metals in Groups IB and IIB cannot react with carbon because of a completed d-electron
shell. (ii) metals in group VIII with a d shell occupied by 6 to10 electrons can dissolve
carbon. The energy level of such configurations is scarcely changed by accepting
additional electrons from carbon (usually carbon is thought to dissolve as the positively
charged ion). (iii) metals in groups IVB and VIIB have 2 to 5 electrons in the d shell.
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They form strong chemical bonds with carbon and yield the metal carbide. Four
transitional metals (Fe, Cu, Ni, and Mo) are selected as the active catalyst components,
and the catalytic graphitization performance of these four metals are examined on the
formation of graphene-based materials from kraft lignin.
Kraft lignin has different chemical properties if compared to lignosulfonates.
There are no sulfonate groups in kraft lignin; kraft lignin is only soluble in alkaline
solution (pH above 10). As a huge complex organic polymer, kraft lignin is very difficult
for metal particles or ions to penetrate lignin molecular. Therefore, the first step to
prepare a metal-catalyst and lignin precursor is to uniformly mix lignin with metal
catalysts through depolymerizing lignin or dissolving kraft lignin in a solvent.
The catalytic properties of metal catalysts are affected by several factors such as
catalyst preparation method, metal precursor identity, and toxic elements (usually
halogen, sulfur, and phosphorus) in the reactants. Four kinds of iron metal precursors
were used: (i) iron (III) nitrate, (ii) iron(II) chloride (FeCl2), (iii) iron (III) chloride
(FeCl3), and (iv) nano iron oxide powder. Another key factor in the production of
graphene-based materials from kraft lignin is the amount of feedstock relative to the
amount of catalyst used. Mass ratio of kraft lignin to the catalyst were investigated
between 20/1 and 5/1 in this work.
8.1.2

Pretreatment of precursors
Fresh dried precursors are examined by thermal gravimetric analysis (TGA) and

temperature-programmed decomposition (TPD). The significant mass loss is observed
around 190 to 300°C and this is mainly because of CO2 release. The calculation suggests
that the pressurization rate at 237°C in the existing thermal treatment system (2-inch O.D.
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ceramic tube with a 26-inch length) is 294 psi/min. Scaling up the manufacturing process
may cause the pressurization rate increased to 500 psi/min at the temperature zone
between 190 to 300°C. This sharp pressure increasing may breakdown the reactor
system. Therefore, for safety operation, it is necessary to pre-decompose the catalystlignin precursor before loading it to the reactor. Based on the TGA and TPD results, the
desired pre-decomposition temperature was set between 250 to 300°C.
The cleavage of the aryl-ether linkages in kraft lignin results in the formation of
highly reactive radicals that may further interact and form a highly condensed
crosslinking structure which sticks to the catalyst. If the catalyst is trapped in the
condensed carbon, the catalyst particles are prevented from contacting carbonaceous
gases. This can lead to the graphene growth being stopped, and give lower graphene yield
and selectivity. Therefore, it is predictable that the yield and selectivity of graphene
materials will increase if grinding the catalyst-lignin precursor to a fine powder.
8.1.3

Production of graphene nanomaterials
We discovered a high temperature catalytic thermal molecular welding (CTMW)

process to produce multi-layer nano-shell structure-based graphene materials from
biomass feedstock. The CTMW process is a single step process with two reaction stages:
multi-layer graphene-encapsulated transitional metal structures are first formed through
thermal treatment of a transitional metal-promoted biomass-based (such as lignin)
precursor, followed by the second stage at which formed multi-layer grapheneencapsulated transitional metal structures are opened, the cracked graphene shells are
welded and reconstructed to multilayer graphene materials under high temperature with
selected welding reagent gases like light hydrocarbons (methane, ethane, propane, natural
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gas, etc.) and hydrogen. The resulting structures are multi-layer graphene-based materials
such as multi-layer flat graphene, multi-layer curved graphene, multi-layer graphene
chains, and multi-layer fluffy graphene.
The effects of transitional metal catalysts (Ni, Cu, Fe, Co, Mo and W) on the
yields and structures of multi-layer nano-shell structure-based graphene materials from
lignin were compared. The effects of the iron chemical resources [Fe(NO3)3, FeCl2,
FeCl3, and Fe2O3 (nano) and iron loading on the yields and structures of multi-layer
nano-shell structure-based graphene materials from lignin were also examined. The
influences of temperature, heating rate, heating time, metal-lignin precursor particle size,
welding reagent gas type, and flow rate on the yield of multi-layer nano-shell structurebased graphene materials produced from lignin resources were investigated.
Welding temperatures were optimized as1,000°C or above, with heating rates of
10°C or above. Welding gases including, argon (Ar), hydrogen (H2), methane (CH4),
natural gas (NG), and mixed of these gases, were used at flow rates from 20 to 300
mL/min. Heating time was controlled between 0 to 5 hours. The effect of precursor
particle size on final products was examined between 44 to 426 microns (m) (Fig. 4).
8.2

A novel concept on growth of graphene materials
A growth concept was proposed and validated for the catalytic cracking and

welding synthesis of multi-layer nano-shell structure-based graphene materials through a
catalytic thermal molecular welding (CTMW) method (Fig.8.2). CTMW technique is a
single step process with two stages, i.e., in the first stage, carbon-encapsulated
transitional metal nanostructures are first prepared. Then in the second stage these
carbon-encapsulated transitional metal structures are opened, the cracked carbon shells
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are welded and reconstructed to multilayer graphene materials under high temperature
with selected welding reagent gases like light hydrocarbons (methane, ethane, propane,
natural gas, etc.) and hydrogen. Multi-layer nano-shell structure-based graphene
materials, such as multi-layer curved or flatten graphene sheets, multi-layer nanographene shell bonded chains, and fluffy graphene, graphene-encapsulated metal or metal
carbide nanoparticles, can be produced through varying preparation conditions (Fig.8.3).

Figure 8.2

A scheme of the growth of graphene materials through the CTMW process
and typical products
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Figure 8.3

8.3

Effect of precursor particle size and heating time on the product structures
and morphology.

Future Work
Our experimental studies indicated multi-layer graphene shell-like structures from

kraft lignin during CTMW via welding or reconstruction of the graphene building blocks;
and the formation of product structures from kraft lignin was dependent on process
parameters such as temperature, heating time, precursor particle size, and atmospheric
gas. However, there are several challenges to be resolved for the CTMW process: 1.) the
formation mechanism of the graphene building blocks from kraft lignin is not completed
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clear; and 2.) how these shell-like graphene building blocks are welded and reconstructed
to form multilayer graphene-based materials (fluffy, chain, multi-layer graphene
nanoplatelets, flatten or curved sheet-like). Moreover, because only limited amounts of
reactants (up to 300 g) were initially used, little is known about the true nature of the
process; such as heat transfer rates and co-efficient, mass transfer effects and reaction
kinetics. It’s important to note that there are several main factors that change during
scale-up: rates of heat production/consumption, reactants transfer and distribution, kinetic
model for the CTMW process.

260

